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Suction A — Mathematical and Pidsical Sciences 


Researches an the Mode of Distribution of the Constants of Samples 
taken at random fro)ii a Bivariate Normal Pojmlation. 

By Karl Fkahson, FHS 
(Received April 26, 1926 ) 

(1) The theory of samples, whatever their size, has been largely developed of 
recent years This development may be bald to have followed two independent 
lines. In the first of these there is no limitation to the nature of the frequency 
in the sampled population , that population Inks been supposed to be known 
by its momental t oeffit lents, and the aim has been to determine the momental 
coefficients of the population of samples, and to find the successive momental 
coefficients of these momental coefficients themselves Thus we now know 
completely the brat four momental coefficients of the distribution of means, 
and of standard deviations of samples of any size large or small taken from a 
finite population with any law of distribution These give us some general 
idea of how these means and standard deviations are likely to occur in 
practice But tho expressions are very lengthy, and in the case of the third 
and fourth moments investigators have boon reduced to approximations, 
or to supposing the population sampled "infinite,” i e., to supposing an 
individual ]ust drawn to be returned to the sampled population before the 
next drawing. tSome recent researches, experimental and theoretical, seem 
to indicate that if the sample bo not more than about one-fiftieth of the 
samplod population, it is,/r>r practical purposes, indifferent whether we consider 
tho population samplod finite or “ infinite ” 

The second form of investigation is to obtain, if possible, not the momental 
constants, but .the actual frequency distributions of tho various characters 
which describe the distributions of samples Thus tho distributions of the 
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means of samples from populations following certain types of frequency curves 
can now be written down in algebraical form. But thus far this method erf 
inquiry has not been very fruitful, except m the ease when the sampled 
population \h supposed to follow a normal law and is considered infinite. In 
this case the distributions of the means, standard deviations, and the 
correlation coefficients have now been very completely studied. There are, 
however, other characters of samples, what we may term “compound 
diameters, ,J that contribute essentially to our knowledge of sampling, and o{ 
which it is possible to obtain the theoretical distributions Illustrations of 
this will be given m the present memoir It must be remembered, of course, 
that they only apply to samples from a normal population , but these samples 
may be as small or as large os we please, and the results may possibly tend to 
throw light on the corresponding distributions for samples in the case of non¬ 
normal sampled populations 

(2) 1 suppose the sampled population bivariate, with variates £ and y 
measured from the means tn j, the standard deviations o lf a*, and thn 

correlation p. If the size of the population be N, the distribution will be given 
by the surface 


N 


2TOJirr a \/l — p 


-t~L + 

> * l— tr,tr t t 


(0 


Let the sice of the samples be M, the means, standard deviations and 
correlation coefficient of any individual sample be given by X, y, H lf Ej and r. 
Then it is known that the frequency surface for the distribution of these five 
variables is given by 


3 — JyC 'i 1 ^ Jl-P 3 

_ M 1 W itor*,*, , H-4 

Xc -r 3 )-r 


dy dZ L dZ i dr]. (u) 

It follows accordingly that if any “compound character 1 ' involves more than 
r, Hi and Zi, i c., involves either x or y or both, we must use the complete five- 
variate surface to ascertain its distribution. We will illustrate the process in 
various cases 

(3) The Distribution of Hi y/ 1— r 2 in Samples ,—If the population be normal' 
Hj V1—- r* represents the standard deviation of any array about the mean of that 
array, and its “ probable error " is a matter of considerable importance. In 
the case of any single array, the total number in the array varies from sample to 
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sample, and ire an Here concerned not with the value of the standard deviation 
as found from the single array! but as determined from Ei and r of the whole 
sample, I write X Ex V1 — r a , and we need consider only the r , Ei, E a factor 
In (ii), for x and y are independent variates and can be supposed integrated 
out. To simplify the expressions we will put 1 

s x = a x VT= 7/VM and — <x 2 Vl — p“/\/M, (ui) 

and further throughout indicate the independent variables by placing their 
differentials in square brackets after the equation to the surface. As to the 
constant Zo we can throw any additional factors into it which do not involve 
the independent variables themselves. It will thus change with each trans¬ 
formation of variables and with each integration ; we shall indicate such changes 
by merely adding a dash to the letter z Q The final value of z ti is to be found by 
a simple integration of the remaining constant or compound character, and will 
be expressible in terms of the total number of samples and the constants of the 
distribution This process is much simpler than substituting for z L) its value 
ab initio, and following it through all the vanate changes and integrations 
Finally we may note that if wo retain two of the original variates, two com¬ 
pound characters, or one original vanate and one compound character, wo get 
the corresponding correlation surfaces, from whic h the regression curves may be 
deduced. These are frequently of considerable interest, but become at tunes, 
both as to surface and regression curve, of considerable complexity . 

In our present case, we start with 


and transform the variables to X, ami r, thus reaching - 

*3 15.2 ,.i5£l * \ML-2 

* - =o'« i .7TTrai e -i.., a Vi- rtv A £ m 

(1 — r“)‘ 

E 3 

I now write v = J , and transform the variables to X, v ami r, expanding 

the , third exponential. 

We have: 

z « Zo'e c” § - — ('pi! (W)“V [<fo J r cfx], 

0 (l-r 2 ) 1 ' 1 i.„ M.jVa-r 2 )*' 

and after integrating with regard to v from 0 to oo : 
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We must now integrate this from r = — 1 to ■(- 1, Let us put f = sin 6, 
and the general term in r being : 

• (1 - 7]* 1 (1 - r *) 1 '* ’ 

we have lor its integral: 


~ l *» a [ * tan 1 0 c tan 0, 

J -i* 


which vanishes when i is odd. When t — 2r, if y = * 1 /A and u = tan 0, 
we have the value 

k xa f + «i i «a 


which is equal to 


M _i 

'i* I Y* 

J — w 


I At _ 

e M \/2 tty — 1) (2r — 3). 1 . y' t . 


Hence 


JlT + i 


2 = ~n C 


s (2t-1) (2 ^7f] - 1 (2 P - ] - rti(M-i) +t) [JX] 

f-0 U?)l 

As the series in r is independent o£ X, it can be again thrown into the 
and we have finally for the distribution of X, the curve * 

MM 


z = z’e 


(iv) 


Now the distribution curve for the standard deviation £ of samples of shoe Bt 
taken from a normal population of standard deviation a is well-known to be ; 

.mu , 

z = 2 rl - \ 71 

Hence tbe distribution of X is not the same as that of samples taken from a 
population of standard deviation aiVl — p 8 , the power term mM- 3 and not 
M-2. 

(iv) Provides the following points as to the distribution of X— 

(a) When M is of the order of 50, for all practical purposes the distribution 
of X may be treated as a normal curve, mean value = <xi Vl -- p B 

and standard deviation = ~ P , 

VM 
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(&) The modal value of X = = 




(c) The mean value of X = X^ 
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( d ) The standard deviation <j A of X is given by 

«*■ + g8) < M - 2 ). 

and can thus be found for any given value of M. 

(«) The frequency for any desired range of X can be found from the Tables 
of the Incomplete T-Function*, H M Stationery Office 

(4) The Distribution of the Regression Coefficients JR 2 .—The value of Ra for 
the second van&te on the first is : R^ — rE a /£ x . We Bhall accordingly again 
need only the second part of our five-variate surface (n) and shall transform the 
variates £ i( S a and r to 2i, Ee and Rg. We have 


«*ov ~ 4 [«<s,ds,<m s i 


Now r = R^Ei/Eg is always less than unity, and therefore whether M be even or 

odd the expansion of the binomial yi -Intimate, If M be 

even, there will be a fimte number of terms, if M be odd, the senes will still 
converge and gamma {unctions, such as T (M/2 — t) where i is a positive integer, 
will still have a real value reducible by means o 1 the relation 


r (— m) — r (1 — m)t(-m) 


ultimately to T (|). We can accordingly write our binomial expansion : 


(‘ 


Rn^i 

W 


r-1<-> 


, B. a St 8 ' 

E»" 



and proceed without regard to whether M is even or odd We will first integrate 
with regard to £„ writing: 
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We have 


tut 

[V'r^M-i-o 

Jo 

Henre we get the surface for Ej and R* 

- A 5a£li? 

But the sum term in (u) is the negative exponential, or e 

- | -h? (j -^2L> ft + 

2- Zj'* '* K *' (vi 


This is the correlation Burface of Si and R 8 , t'e, the correlation surface for a 
standard deviation of one vanate ajid the regression coefficient of the second 
variate on this variate. It is clear that for a given value of E, the distribution 
of R a is a normal curve with mean and mode — p* Ja 1 — pa ,/<r lf i e., the regres¬ 
sion coefficient in the Bampled population The regression line ia therefore a 
horizontal straight line, but the standard deviation of the arrays of R, for a. 

given Ej is flj/Ej =* Bce ^ ftflt ^ c curve 18 B rectangular hyper¬ 

bola This is a good illustration of how u correlation ,p can exist, when the 
regression line is horizontal, but the shapes of the array curves vary. 

If we consider the regression of E, on R, we find for the modal value a^Ej 
4 of E t for a given R a 



a quartic curve, while for the mean we find 



or a parallel qnartic curve, These are further illustrations of how, even for 
M <=©, ve, for large samples, the regression need not become linear, Here, 
again, the standard deviation of the array of E, for a given R B is very far from 
constant, i.e., the system is heteroscedastic. 



Constanta taken from Bivariate Normal Population 


We ran now integrate the expression (vi) foT 5^ and find at once 


Z = Zq 


1 _ 2 ifl H a -|- 

Sg Sj I* 

- It 

z 0 


W- 

\<Tt Qi f ! 


(ii) 


This is a symmetrical curve of my Type vn The slope of the regression line 
vanes symmetrically round the value in the sampled jiopulabion proceeding 
from plus to minus infinity. 

The mo mental coefficients of this curve arc given hy the relations 




2s — 1 


M 


(2» + 1) or 


P-2I.+ 1 — 0, 


Accordingly, 


p 2 - 3 


^IJa — 

M — 3 


vr-3^.— 


(x) 

(\l) 


?A ■= 15 


M — 3M -3 


&c 


M — 5 ’ * M — 5M - 7 ' 

Thus os M "*■ « , we have [B a — 3, p ( — 15, etc’ , or tho normal values, or the 
regression coefficient tends with increasing size of the sample to a normal 
distribution, and we have for the standard deviation tho value 


1 ff 2 /“-, 

Cr,l ^VM^ Vl " r 


(xn) 


This is the usual value deduced for large samples, irrespective of the nature of 
the sampled population, on the assumption that it has linear regression. It 
seems probable, accordingly, that the result (\i) may extend further than fof 
normal distributions of the sampled population 

The determination of the frequency of R a within any given range depends 
upon a knowledge of the integral 


r. 


cos M E 0dO, 


t.c. p on 


J | x * (1 — ?) 1 01 dr, if t “ 0, 


Thus it reduces to a knowledge of the incomplete B-f unction, tables of which are 
in preparation and will be shortly pubbshed, 
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(5) The Distribution of the Mean of the Array of y-Variates for a Gwen Value 
of the x-Vanate —We will represent this quantity by ij x to be determined not 
from tbe individuals observed in that array in the given sample, but from the 
regression straight line of the sample In other words, we take 

'fU - •] = r^r(x ~ .7). (xiii) 

"1 

It is clear that fa-involves all the five constants "c, E 1( E B and r of the sample. 

Accordingly, we shall need to use the two parts of the five-vanate surface (ii) 
We may write — 

y — nu — y 9 — m2 — Rs> (x — m\ — (% — mj) 
and throw this into the form :— 

Y = Y,-R 2 (X-X), 

where Y ■= y — m t , = jj* — X = x — m L , X — 7 — m t and R a = 
as before Here X is an absolute constant from samplo to sample, and 
we have d? = dX, dij — d¥ and — dy x if wo transform for y toy x keeping the 
variates R 2 and X constant. The first portion of our surface (ii) may be 
written 

. m: 3/»TY.va\ - _ 

i = ^ [dXdY], 


Transform this to X and Y t) *and after somewhat lengthy rearranging we 
find 


z — r 0 c 




- 2Ei«,+ a! u,t) + IVW] ->*> •> 

" *' *g")J 


Wt'iYJ, 


where 


X' = X - 




(xiv) 


Keeping Rn and Y B constant we can integrate out for X" and the limits will be 
the same as for X, and so for \ e., from plus to minus infinity The result 
of the integration is 




MY/U-jrf) 


Z — Z 0 


(1 - pZ ) tf-.B 

\/ l"2p + R 2 8 


rn;i 


<Te 


«■ 


(xv) 


where 


Y # . - Y a - RgX. 
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Wft haw now to combine thin with the flee on d part of (u) 

But ii we change our variables in tbU from 2*, r to Xi, X* and R?, and 
integrate out 2j and X 2 , we know from section (4) the answer This can be 
done because (xv) r while it contains R*, does not contain 2i and X 2 directly. 
The result is then *— 


M y 1 h 0 -i*) 

~ * a ^ (j -3t> 2 a,+ a,i) 

3 = V'7- ■ I -1WT) [dY'm dRil (xvi) 

l-2p” 1 R i + ^B a s ) 

\ oa cr 2 / 

Now 

YV - Y t - RgX 

— — oia — P — (* — 7ti\) -- fils — p —) (x — mi) 

Ol V CT]/ 

= *Jm ^ Hz' (x — mi), 

where y^ and Rg' are the array mean and the regression coefficient measured 
from their respective mean values Hence wfe have .— 


-A*. 






•rj (l ~P*) ?if a-pi) +TVfl 


; = zo 


(Ja-rt + v) 


Tjnrrrr 


(xvii) 


as the correlation surface between %' and R*' This surface is a somewhat 
complicated one in R/. We note, however, that for R/ constant, yj 
follows a normal distribution with a linear regression, \ e. t 


Mean y 9 ' = Kg' (x — mi) 


but Idle system is heteroecedaatio with a standard deviation given by 


„,-2L 



A+jw“- 


The distribution of Kg' for a given y x ' is lass easy of interpretation. 

If we integrate from y m ' = + « to — oo f we obtain at once the curve already 
g^ven as the frequency distribution of R*'. If we could integrate with regard 
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to K/ we should obtain the frequency distribution of yj. To simplify the 
required integral, take 

Rj' = — p* tan 0, 

and we have 

cos^ef dQdfcl (xix) 

Accordingly, writing a = M ,y V/ffs y/\ — p* and b = \/M -—^ , wo have 
for the required integral: 

I (a, b) = [*V^ BO,, -* ih * i cos s, - , 0<ie. (xx) 

J-4r 

By expanding first the exponential and then the resulting binomials it iB possible 
to express thin integral in a double senes of complete beta-functions as 
coefficients of a senes of powers of a 2 and 6“ and their products, but the senes 
is not rapidly convergent.* 

I have therefore approached the problem from another standpoint. If we 
multiply the expression in (xix) 'fyy ($*)* and integrate with respect to y 0 ' 
from — oo to + ao , and 0 from*-" Jtc to + Jn, we shall find Np„, where N is 
the number of samples and p, the p** moment coefficient about the mean. 
These integrations are feasible. 

Writing U = ,»// cos 0 — — Vl — p B (* — tWi) sin 0 and transforming from 
i i' m to U F we have : 

f +® r+ |t i MU" — __ 

• V<n5I (U + -Vl -p* (0 - m.) Bin 0)' 

-« J - 4 * <*i 

cos*- 1 -** Gd0dU, 

If j> be odd = 2a + 1, this will depend on integrals of forms which contain 
either an odd power of U or an odd power of sin 0 ; in both cases the integrals 
vanish or we conclude that p &1+1 = 0 ; all odd moment-coefficients vanish, or 
the curve of distribution of y\ is symmetrical 

Profewmr G N. Watson kindly Benda me the expansion 

I(M)- 8 + 

s*=u \ a*-f-w/ 

when F is the hypergeo metrical aeries, but ua 1 and 6 1 both contain the factor M, usually 
large, this does not stem likely to work In our case. 


-4M (V* oo* ^I-p» (a-Mj) »tn •)* 
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i 

If p ^ 0, then : 

N — 2zo u \/ e 2>n J^cos M ~ s 0d0 — B(i.|(M—1)) 


(xxi) 


If p — 2, then 

*rt*-r+® i mui _ _ 2 

Nfig=2V f e cr.id-^) (U 2 4 (1 — p 2 ) (x — Wi)- fM^Ojcos' 1-1 0 d0 dU, 

Jo J-» <u 

since the odd term in U vanishes. Hence: 


N^: 


, b (u (m-3)) 


M 


+ <r s '0-p 2 ) B (S, $ (M-3)) 


and hence hy (xxi) : 


cti 


<j t ! 0 — p 5 ) /, 2 ^ (x—in,) 2 ', 

•**" -M=3 l 1_ M + —ST" 1 

/M*- 3 ' M ai* 


. *2 


* ‘ w 

This agrees with the usual value for large,samples, t e , 


(xxu) 

(xxn 1 ^) 


*- qL '$s JL (' + {i ^)‘ 

The formula indicates that oj, gets larger and larger as we pass away from 
arrays near the mean. 

For p — 4 

N(i, = 2*0* -|- 6UV0 - p 2 ) — — ” l - > in*8 

JdJ-« 1 ff r 

+ os 4 (1 - p 2 ) ! Bin 4 e} COB-- e (20 rfU 

ai / 


-b —2l^ g,n 4 ej COB- • e rffl 

«1 I 

*o h (1 _ p 2 )*(Ij B (i \ (M - 6)) 

+ B 1 (M - 5)) + <? ~ ”*■)* B (f, i(M - 5))} . 

m <ti <Ti ) 
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Hence, 


1“ - « - * (M - 3| 3 (M ~ B ) {(' - t)(‘ -- i) 


Thug, we have for (3 S - fij/ii* 1 , 
M — 3 


(xxiii) 


Pi = 3 


M-5 


1 - 


±(l - 2.) 

M \ MJ 


P«- » = 


6 


M-5 


1 - 


WFF^V 

±3t zjL 
FT^Ffl 


(xxiv) 


It is easy to Bee that the second term in the curled brackets is less than unity, 
so that p E — 3 is always positive. Hence, the distribution of y' x as far as the 
first four moments are concerned can be expressed by a leptokurtic curve, 
Type vii. But an investigation of the higher even moments indicates that the 
momentrcoeffiriente of the distribution for \}' z do not satisfy the in ter momenta l 
relations for Type vii. If that curve be 


z<j 


then we have 


(«“ + **)*• ’ 


m> = ——r<*V*> fig = ——-s «v«. *» on- 

7i — i n — y 

But far y' x the momental coefficients are: 


D VU -P 8 ) fi _ 2 , (z - 
w " M — 3 V M + «f,* J* 

H (M — 3) (M — 6)l\ M l\ M/ 


+ 


„/, 2 \ (x — m,)* . (x — mi)M 

2 v 7?-1' 



Constant* taken from. Bivariate Normal Population. 13 


3. B. o£ (1 - p 8 )* I/, _ 2V. _ ±\/. _ 6\ 

H '' = (M - 3) (M - B) (M - 7) l\ M/\ mA M/ 

+ *(*-iX , -i) fc ? e 

_ a.».7.«/(i - >■)■ 1 / i _ iWi _i\ 

(M — 3) (M — 5)(M — 7)(M —9) \\ M/\ M/\ MA Mj 


- m t ) B 




If we put — 1 — — + 
M 


2 , [X'-mif 


we have 


*1 


lL °£SLz£l # 1A = W a - p*) g /, _ JM) 

M-3 N <M-3)(M-5)l* Ml 1 M ))' 

_ 1W(1-pV U _ 2\ s 8 A 2\1 

N (M — 3) (M — 5)(M — 7) r Ml 1 M/^ + M*V M//’ 

and so on. 

Thus, as M increases, tlie dominant term in the series of curled brackets is 
the first, and the momcnt&l coefficients approach closer and closer to a curve of 
Type vu, or the distribution of y' K will follow tuen with considerable accuracy 
the curve of Type vn: 

--5- (xxv) 


z — 


aud will ultimately pass over into the normal distribution 




z - z^e ' ' *1 ' ' (xxy W b ) 

It is, perhaps, desirable to remind the reader that the Actual value of the mean of 
the x array of y r n is : 
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I have not succeeded—except as a double summation—in showing what the 
frequency curve for y'^ b* whatever be the value of M. That remains a problem 
for the mathematician who can exhibit in a compact form the result of 
integrating 

I (a, b) = t ~ i ’ bl ^ cos"-' 8d6. 

The object of this paper has been to indicate how regression lines far from 
straight, and correlation surfaces far from normal,* may arise in the case of 
compound characters even if we are sampling from a normal population. Thus 
we see how readily the old theory of “ probable errors *’ may mislead us. 


Further Spectioscojnc Studies on the Luminous Vapour Distilled 
from Metallic Arcs. 

by Lord Hayckkju, F It 8 
(Received dune B, 1926 ) 

P n tbs 1-3 

This paper continues the investigation of a previous onef entitled 11 Luminous 
Vapour from the Mercury Arc, and the Progressive Changes in ibs Spectrum ” 
Several points (it is hoped) are cleared up, and new phenomena are described 
Needless to say, much remains to be done. The present work is an instalment 
only. 

§ L Co trillion* for the, Appearance of Higher Members of Spectrum Sines. 

ft was foundJ that the lines of the diffuse series from M *- 1!£ upwards, 
Jpi — 12d, lp! — 1-W, etc, were seen in the distilled mercury vapour, but 
not in the arc from which the distilled vapour came. This point has now been 
examined more closely 

In the first place the spectra in question have been photographed with a 

* par rumple (xxv) or (xxv b ^) above whan we treat x and aaonr variates, lhave 
dealt with the regression and soedaeticity of surfaces of the type of (xxv) in an earlier 
paper. 'Biametnka/ vol XV, pp 231-244(1023) 

t ' Roy. Soo. Proe A, vol. 108, p, 282 (1026). 

| LoCn, at., p. 266 . 
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Luminous Vapour Distilled from Metallic Arcs. 

larger quarto spectrograph ins bead o f the email one used before, The point 
is brought out still more clearly. See Plate 1, 1 is the distilled vapour 

spectrum, and II the arc spectrum. The diffuse series lines are indicated on 
the strip separating the two. 

To examine more closely the transition between the arc, in which these lines 
do not appear, aud the jet of luminous vapour in which they do, a special 
arrangement was set up (fig. 1). The arc 
was produced in a porcelain tube A of 
1 cm. inside diameter. The top of a 
barometric column B formed the cathode 
as usual The anode was a cap of steel 
tubing C, 0 75 mm thick, with a side hole 
to the left 1 mm. diameter. The cap was 
kept cool with water as shown it was 
desired to make the metal wall immediately 
round the hole the effective anode The 
porcelain tube was cut away under this 
portion, to expose it, and it alone, to the 
vapour column. The end of the porcelain 
tube was covered with a mica disc The 
whole was assembled in a T tube of silica 
D, the joints being made with mdiarubber 
cemented on The mercury vapour issued 
through the mall hole into the side sibca 
tube K where its luminosity could bo 
observed. Near the hole it was con¬ 
centrated ^ but broadened out in a distance 
comparable with the diameter of the tube 
until it fillod the latter The appearance 
of the self-luminous vapour is indicated 
as well as may be in figs. 1 and 2. E (fig. 1) was attached to a vessel for 
catching distilled mercury, and to the air pump 
The advantage of the arrangement was that there was no trouble from stray 
light. The porcelain tube containing the arc was sufficiently opaque, at any 
rate in the ultraviolet, and the only place where the light of the aro could issue 
was the small hole. Observing as near as possible to the hole, and across the 
horizontal issuing ]et of vapour, the light from the latter was not appreciably 
contaminated with light from the arc The spectroscope slit was vertical, and 
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the jet was focussed upon it by a quartz-fluorite achromat Thus the central 
part of the length of each spectrum line came from the core of the lummoud jet, 
and the extremities of this lino from the expanded and much less intrinsically 
luminous vapour around this core sen fig. 2, which shows the imago of the 

issuing j'et of vapour and the wall of the steel 
tube ( 0 , fig. 1) as depicted on the plane of the 
spectroscope slit 

The result is instructive. It is seen (Plate I, 
No. Ill) that the lines of the diffuse senes 
1 pj — 9rf upwards are very broad at the centre, 
and fine out above and below The central 
broadening is not due to photographic over¬ 
exposure Tina is clear if we compare theBe 
lines with, c r;., the line 2576-29 lp z — 3s. 
The latter, though more intense, is narrower, 
lb is certain, therefore, that the broadening of 
lpi — 9 d, etc , 19 real. 

The breadth increases as we go up the senes, and at lp, — 1 ] d upwards the 
breadth has become so great that the successive lui^s tend to encroach on one 
another 

It seems pretty clear that thr broadening is due to the Stark effect, increasing 
as it does as wc proceed up the aeries The case is interesting bocause here we 
have no external electric field at all, and the effect must be duo solely to the 
interatomic fields In accordance with this it diminishes os the luminous 
vapour expands, and the luminous centres get further apart 

It appears then that the failure of fchrse high members of the diffuse series 
to appear in the arc ih simply due to the fact that at the high concentration 
of luminous vapour, which prevails there, they are broadened to the point of 
becoming unrecognisable, the higher members actually overlapping one another. 
It is therefore impossible to resolvo them 

In the cose of the second members of the diffuse triplets, of the type lp a —fftd, 
the same broadening may be observed in the more concentrated region of the 
distilled glow In the expanded vapour the series can be traced on my 
negatives 7 or 8 members further than in the arc. 

The same cause of broadening and consequent enfeeblcment of the lines 
acts in the case of the sharp series, but less powerfully, and here the distilled 
vapour has not so great an advantage over the arc in bringing up the highei 
members. 




Rayleigh. 
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The same phenomenon may be seen at the limits of the principal triplets, 
and o 1 the diffuse and sharp singlets. It appears to be general, 

g 2. Appearance of enhanced lines in the vapour jets from mercury, magnesium 
and aalowm. Relative duration of these and of the arc lines , Relative duration 
of resonance fines. 

In the investigation of last year* certain lines were listed as present m the 
arc but apparently absent in the distilled vapour. I recapitulate the hat, 
portly because there were some errors in it, and partly because further search 
of the literature has enable me to add notes about the character of the lines. 

3984 Enhanced (Steinhausen). 

3660 Belongs to many lined spectrum (Stiles). 

3820 Enhanced (fitemhausen). 

3770 Enhanced (Steinhausen). Many lined spectrum (Stiles). 

3752 Enhanced (S to inhausen). 

3561 Enhanced (Steinhauscn) 

3544 Enhanced (Steinhausen). 

3390 Enhanced (Steinhausen). 

3382 Not traceable in tables 
3278 Many lined spectrum (Stiles) 

2848 Enhanced (Steinhausen). Subordinate series of spark spectrum 
(Carrol). 

2820 Enhanced (Steinhausen). Many lined Bpectrum (Stiles). 

2775 

2791 

2686 Many lined spectrum (Stiles) 

2003 

1974 

1943 Principal series of spark spectrum (Carrol).t 

That the intensity of the hues listed above is at any rate very small in the 
distilled glow is dear from the reproduction In the former paper. These show 
spectra of the arc and of the distilled glow in comparison. The triplets are of 
equal intensity in each, but the lines of the above list are apparently limited 
to the are, and do not noticeably distil out of i t The experimen ta] arrangement 

" Lot. o&, p. 966. 

t Betoftanm in above:—Bteinhaoflen’fl paper Is In 1 Zeite f. Wlssen.,’ Phot 3, p. 4fl 
(1900). Stdbf In 1 Astroply, J., 1 rol. 30, p. 48 (1909) Carrol’s c) wad cal ion of spark 
lines Is referred to by Tomer and Compton, * Fhys. Bev,, 1 vol 20, p. 013 (1020). 
toi. oxn.—a. 


o 
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of fig 1 allowed of a sharp isolation of the specLrum of the distilled vapour 
without ambiguity from stray light This made possible a more searching teat 
for some of the above Juipn in the light of the distilled vapour without ambiguity 
from stray light of the arc, An exposure of about 1 hour was made on the 
brightest part of the issuing vapour, near the hole The plates were oiled with 
“ Nujal ” for sensitiveness in tho extreme region of the quarts apectograph. 
Tho latter was put close to the silica tube, so that the source was approximately 
in focus, and the bright part of the glow only produced short spectrum lines 
as in photograph No II \, though in the present case no lens was used Tho 
shortness of a spectrum line gave confirmatory evidence that the bright issuing 
vapour was really its soune, since the limits corresponded in the vertical 
direction 

The senes lino 1850 (IS — IP) of the arc spectrum came out very definitely, 
This is important, since in the former paper it was found to weak be in the 
vapour. 

Tho lines 1974, 194:1, J003 also came out strongly, in the above order of 
intensity, different from the order of intensity in the arc, in which 1943 is the 
strongest 

Judging by these examples, it would seem that there is no absolute distinc¬ 
tion between lines which appear in the arc only, and those which appear in the 
distdled vapour as well These lines in the remote part of the spectrum were 
only obtained when tho exposure was so prolonged that the region of the strong 
senes triplets was fogged by diffused light. It would therefore be more difficult 
to extend the tost to the leas refrangible lines in the above list. 

Mercury is not a very suitable metal for this particular part of the investiga¬ 
tion, because the enhanced lines are not very strong, and are not situated in a 
very accessible part of the speotrum Experiments have therefore been carried 
out with magnesium and calcium The arrangement used for observing tho 
jot of luminous vapour will be described in § 3 of this paper, in another connec¬ 
tion Here it is enough to say that it was similar in principle to the arrange¬ 
ment used for mercury, except that the vapour expanded into an open space, 
instead of being led along a silica tube 

The photograph No. IV shows the spectrum of the magnesium jet focussed 
on the slit of the spectrograph, the vertical magnification of the reproduction 
being twofold as compared with the actual height of the vapour jet. It will 
be seen that the pair of enhanced lines 2795-2802 due to ionised magnesium 
appear at the base of the jet The arc triplets are marked at the top of the 
photograph by their aeries designation and by the wave length of the middle 
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member It will bo seen that as compared with these the enhanced pair quickly 
fade out as the vapour moves up. 

It is remarkable that the resonance lines (flame lines) of the magnesium 
spectrum 2852 (IS — IP) and 4571 (IS — 1p fl ) fade out quickly, like the 
enhanced lines. 

In the case of 2852 (18 — IP) this is seen in No IV, though with the small 
dispersion used, the lino is somewhat involved with the triplet 1 p - - id Never¬ 
theless on the original negative it is qmte clear that 2852, less refrangible than 
the triplet, is the line which quickly fades out. 

The same is seen without complication in the case of 4571 (IS — lp a ) See V 
from another part of the same negative, showing 4571 m contrast with the 
diffuse senes of singlets. 

The behaviour of JS — IP and 18 — 1 p 5 of magnesium is surprising, in 
the first place because the diffuse triplets and singlets, which are intermediate 
between the resonance lines and the spark lines in facility of excitation, 
yet persist longer than either of them In the second place, it is surprising 
because mercury shows most strongly the opposite behaviour. The resonance 
line IS — of mercury 2537 grows continuously m intensity relative to all 
the mercury lines as the vapour moves away from the orifice * 

In the case of caluum, the enhanced lines H and K are conspicuous m the 
distilled vapour They do not die out quickly like the enhanced lines of mag¬ 
nesium, but maintain their intensity approximately pan poem with the triplets 
of the arc spectrum. The resonance lino 4227 (IS — IP) also dies down at 
about the same rate as the above. On the other hand, the resonance line 6572 
(IS — 1 p a ) gains intensity relative to all the above, behaving m this respect 
like the corresponding mercury line 

It would seem that these facts must ultimately prove important, hut they 
do not fall into any obvious generalisation at present. 

5 3 Excitation of a Metallic, Vapour by Contact with Another previously excited. 

The importance was early recognised of determining whether other metallic 
vapours, introduced into the jet of glowing mercury, would be excited to 
luminosity, and if so, under what limitations This question was considered 
in 1914, but, owing to the circumstances of the time, no experiments were then 
made. Since then, the advance of knowledge has put the whole subject in 
a much more definite light. The theoretical considerations of Klein and 

o a 


Lac. eti„ pp, 267-260. 
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Roasoland* * * § indicated that collisions “ of the second kind 11 should occur between 
excited atoms and electrons, resulting in the transfer of energy from the excited 
atom to the electron, with gain of kinetic energy by the latter. An extension 
of this conception lead Franck and his school to the idea of direct excitation 
of one atom by another previously excited. The experiments of Franck and 
Canof showed that mercury vapour emitting resonance radiation under the 
influence of X2537 could oxcite the line emission of thallium vapour mixed 
with it. The lines excited had, however, in some cases a greater excitation 
potential than the 4 80 volts which the excited mercury atoms could afford. 
To explain this, supplementary hypotheses were made 
Finally, Saha and SurJ suggested that active introgen derived its power of 
exciting the spectra of other substances by this mechanism They regarded 
active nitrogen as a molecule energised to the extent of about 8 * 5 volts § 

The experiments so long contemplated have been recently carried out. 
Luminous mercury vapour distilled from the aro in a silica tube apparatus 
(somewhat as shown in * Roy Soc Proo / A, vol 108, p 264) was passed over a 
piece of sodium As soon as the tube was heated so as to raise sodium vapour, 
a strong yellow glow was observed, starting from the sodium and proceeding 
down Btream. It was observed visually that lines of the diffuse and sharp 
senes were present as well as the D line. Similar experiments were made with 
magnesium and cadmium instead of sodium. 

This experimental arrangement, though it showed conclusively and at once 
that the effect sought for really occurs, was not very convenient for its further 
study; for it was not well applicable to obtaining a jet of luminous vapour 
from metals other than mercury ’ and the quartr tube was obscured by 
formation of an amalgam of the metal under investigation , thus only an 
intermittent and unsatisfactory view was obtained. 

I have previously described|| a method of observing these luminous jets with 
the more volatile metals in general The arc was produced in a silica or quick- 

• ‘Zeitsf Physik,, 1 vol 4, p, 46 (1021) 

t ‘ Zeits f. Physik., 1 vol 17, p 202 (1923). 

\ * Phil. Mug vol. 4S, p. 421 (1624). 

§ The view taken by Saha and Sur is interesting and suggestive, but I cannot regard lb 
os free from serious difficulty. In particular, attention may be drawn to some experi¬ 
ments whioh I described In 1612 (Strutt,' Roy Soc. Proo.,’ A, vol Bfl, p 264 (1012)) These 
experiments show that active nitrogen omits its energy most rapidly when oompreased to 
a small volume. It Is difficult to explain this except on the view that a bimolecular reaction 
is taking place, or at least that collisions determine the emission of light. 

|| Strutt, ‘ Roy Soc Proc A, vol 90, p. 364 (1014) 
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lime tube with a metal cap as anode The vapour raised by the heat of the 
arc wm allowed to rush out through a hole in the anode into an evacuated 
bell jar* in which the silica tube was mounted. In returning to the study of 
the luminous jets, various improvements of ^technique have been made* and 
the methods axe worth recording, though no doubt capable of further improve¬ 
ment The following description should be read with the help of the three 



diagrams, figs 3 P 4, 5 (one-quarter actual scale). Fig 3 shows a section 
through a vertical diametral plane of the apparatus. 

Fig, 4 shows a section through a diametral plane at right angles to the former 
Fig. D shows the elevation in the same aspect as fig. 3. 

The an is produced in a silica or alundum tube A, figs 2 and 9. This tube 
contains the metal under investigation B, the surface of which serves aa 
cathode. The nickel plate CO serves as anode. A rests in the steel tube D, 
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into which it ih pocked with mica D fits on to a solid steel cylinder E, from 
winch the cathode connection in lerl out airtight and insulated os shown, C is 
supported by the tubular brass pillars F and G (fig 3) and the anode connection 
is inode to the body of the apparatus The latter is in two parts, united by a 
rubber sleeve H (fig, 3) This is made airtight by rubber solution and by thin 
steel wires. Each wire takes one complete turn round it, and is kept in tension 
by clastic bands attached to fixed supports (not shown) The metal casing 
is kept cool by three ring water-jackets KKK A stream of cold water goes 
through these in senes The vacuum is maintained by exhaustion through G. 
The. luminous vapour issues through the hole in C into the space above It 
is observed through the silica window L, fastened on with soft cement At M 
there is a slit in the mam vessel, affording only hunted access to the side tube 
carrying the window L This is designed to avoid the obscuration of L by a 
film of deposited metal, and succeeds fairly well m most caseB. The rod N, 
fig 3, serves to strike the arc For this purpose it is pulled down for a moment 
into the discharge tube B, to make contact between cathode and anode The 
rubber tube P, kept from collapsing by a spiral spring, can be stretched to allow 
of this movement N is tipped with tungsten to prevent the end fusing into 
a knob It is turned aside when out of use, so as not to interfere with the 
issuing vapour. Light is reflected into the apparatus .with a piece of mirror 
glass when using the striker 

This completes the arrangement* when the glowing jet from any one metal 
15 to be examined (sec above, p, 16) The electric resistance furnace R 
(fig 4) is to afford the (non-luminous) vapour of a second metal 8, which issues 
transversely from the small hole and mixes with the luminous vapour of the 
first metal B In some cases the spectrum of 8 is excited thereby. The 
furnace R is made on an alundum tube, and the nichrome winding is lagged 
with alundum cement 

It will be noticed that indiarubber was freely used in the apparatus, and It 
greatly facilitated the work. Any vapour that comes out of it is of'small 
consequence compared to the large quantity of gas that oomes ont of tho 
metals vaporised in the experiment. A Gaede rotating mercury pump was 
used and served the purpose, though more pumping power would sometimes 
have been desirable for rapidly removing this gas, The vacuum required in 
the experiments is not high. About - 2 mm. of mercury is quite good enough. 
A glass spectrum tube connected with the pumping system, and excited by a small 
induction coil, forms a convenient gauge of thift, and gives warning by the 
spectrum whether air is leaking in. 
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The soldered joints of the metal vessel were coated with rubber solution to 
protect them when mercury was evaporated in the apparatus. 

To control the amount of the metal 8 evaporated from the furnace R (fig 2) 
the furnace was weighed before and after the experiment 

If an experiment of this kind apparently gives a positive result, anxiety is 
naturally felt as to whether the vapour of the metal 8 or condensed metallic 
particles from it have not gained admission to the discharge tube A If this 
happened, the result would be made ambiguous, because the arc would pass 
through the vapour of the metal S mixed with the vapour of D and 8 would 
be subject to direct electrical excitation 
After trying various methods, I came ultimately to keeping the arc running 
continuously in the discharge tube throughout an experiment This ensured 
a constant outward stream of the vapour of B, and seems to afford satisfactory 
security that the vapour of S could not enter the discharge tube to any appre¬ 
ciable extent. The latter vapour was only generated by closing the current 
in the heating circuit of the furnace after the arc was started 

In some eases it was possible to check the success of these precautions by 
observing or photographing the spectrum of the arc in the discharge tube 
simultaneously with that from the glowing vapour above it m the external vessel. 
This could bo done when the metal B was zinc cadmium or mercury, fur in 
these cases the arc was produced in a translucent silica tube, which was not 
chemically attacked, and allowed the arc to be observed through it in con¬ 
veniently reduced intensity. The absence of lines of the metal S was then 
observed in the discharge tube, eombmed with their presence m the space 
above ■ the lines of metal B showing m comparable intensity in each In other 
cases when the walls of the discharge tube were opaque, it was impossible to 
apply this test But it always proved reassuring in the oases where it could 
be applied See the photograph No VI, which shows the spectrum of the 
cadmium arc below (intensity reduced by the translucent silica tube) and the 
luminous cadmium vapour jet above, into which zinc vapour is introduced, 
and which shows the zinc lines in addition Cadmium wave lengths are marked 
below, zinc wave lengths above 

In carrying out the experiments there was a danger of missing the oppor¬ 
tunity when vapour of the metal S was coming off in the most favourable 
quantity for its lines to be excited strongly. To avoid this, successive exposures 
were taken continuously during the experiment. Each exposure was usually of 
one or two minutes’ duration, though m some cases more. Visual examination 
of the spectrum often indicated when the conditions were right, but with a 
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continuous photographic watch, this was merely supplementary, It does not, 
of course, show what is happening in the ultraviolet region, which is often the 
most important 

The photographs were taken with a small size Hilger quartz spectrograph, 
using a quartz-fluonte achromat to produce on the slit a reduced image of the 
issuing jet of luminous vapour The reduction was about fivefold, and 
allowed nearly the entire height of the jet as limited by the window (6 cm.) 
to be projected on the slit if necessary, It was often more convenient, how¬ 
ever, to limit the length of the spectrum lines to the bright part of the glow. 

Each experiment was continued from 10 to 20. minutes, and in most cases 
there was no diffi culty m maintaining the luminous jet for so long. Obscuring 
of the window by deposited metal was a residual source of trouble ; the arrange¬ 
ments for mitigating it were usually adequate, but least so when sodium was 
in use 

It wft^ not desirable to lot the vacuum m the apparatus become too good, 
since in that case the jet becomes very large and diffuse, and itB intrinsic 
brightness is diminished. Moreover, there is danger of parasitic discharges 
taking place outside the discharge tube proper By checking the pumping 
when necessary, the jet would be limited to a height of I or 2 cm. It was then 
very bright and well defined, and this was the condition best suited to the experi¬ 
ments The arc current was usually about 10 amperes, which was necessary 
to maintain the evaporation In the special case of mercury much loss is 
desirable 

The following tables give the lines observed to be excited in the various cases, 
together with the calculated excitation potentials* They are arranged so as to 
bring together the result? for the metal 8 (in the nomenclature used above) 
when the metal B distilled from the arc is varied. 

The various triplets of magnesium calcium and mercury are denoted each 
by its middle member but it is to be understood, of course, that when this was 
present its companions were present as well. 
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Excitation of Sodium. 


ExolUng 

Metal 

Ionisation 
Potential 
of Same 

Principal 

Doublet* 

Diffuse 

Doublet* 

Sharp 

Doublets 

Cadmium 

9 05 volts 

to Iff - 4w 

A 2490 

4 60 voile 

to lw — flfl 

A 4066 

4 72 volte 

to 1» — fitr 

A 4750 

4 00 volts 

Mercury 

10 4 volte 

to If — 3t 
a 2B0J 

4 32 volte 

to It -4j 

A 4080 

4 57 volfc^ 

- 


Excitation of Magnesium 


Exciting 

Metal 

Ionisation 
Potential 
of Same. 

lS-l Pl 

K 4071 

2 70 volts 

I IS-IP 

A 2632 

4 33 volts 

Diffuse 
Triple Le 

Sharp 
Triple Ls 

Diffuse 

Singlets 

Spark 

Spectrum 

2705 

2802 

12 0 volts 

Sodium 

5 12 volte 

- 

Masked, if 
present 

- 

- 

— 

- 

Cadmium 

S 00 voile 

— 

Masked, if 
present 

to Ip — lid 
A 2734 
7-20 volte 

to lp — 4s 
A 2276 

7 13 volte 

to IP - 60 
X 4167 

7 28 volts 

Present 
12 0 volts 

Mercury 

10 4 volte 


Present 

4 33 volte 

to lj* — 3d 
X 3003 

6 47 volts 

to lp - 1 9 

A 5172 

5 07 volte 




E xu tot ion of Calcium 


ExolUng 

Metal 

Ionisation 
Potential 
of Same. 

IS - Ip, 

A 0072 

1 69 volts 

IS - IP 

A 4226 

2 02 volte 

Diffuse 

Triplets 

Sharp 

Triplets 

Spark 
Hpeotrum 
3034 K 
30GB H 
ft 19 volts 

1 

Magnesium 

7 01 volts 

l 

1 

i 

Present 

2 02 volts 

to Ip — 3d 
A 3631 

5 26 volts 

— 

- 

(Vminin 

B 00 volts 

Present 

1 80 volts 

Present 

2 02 volte 

to lp — Od 
a 3215 

0 71 volts 

to lp - 3« 

A 3470 

5 43 volts 

Present 

9 10 volts 

Zmo 

0-30 volts 

Not 

examined 

Present 

2 B2 volts 

lp- U 
a 4435 

4 00 volts 

— 

0 19 volts 

Mercury 

10 4 volts 

Not 

examined 

Present 

2 02 volts 

lp - 2d 

X 4435 

4 04 volts 

— 

Present 
ft 19 volte 
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Excitation of Zinc, 


Exciting 

Metal 

Ionisation 
Potential 
of Karo? 

IB Ip, 

A 3076 

4 01 volt* 

IS - IP 

A 2139 

6 77 volte 

IP -20 
a 6362 

7 69 volts 

lp - 2d 

A 3302 

7 74 volte 

\p — 3d 

X 2634 

B 00 volte. 

Sodium 

5 12 volts 

— 

- 

- 

— 

— 

Magnum u in 

7 til volte 

- 


- 

- 

- 

CodinJuin 

ft IJ5 vnlU 

Present 

4 01 volts 

- 

— 

— 

Doubtful 

Mercury 

10 4 Villi S 

Present 

i 01 volt* 

Present 
!i 77 volts 

Present 

7 60 volte 

Present 

7 74 volts 

Present 

8 GO volte 


Excitation of Cadmium 


hunting 

Metal 

Ionisation 
Potential 
of Same 

IS lp t 

A 3261 

3 78 volte 

IS - IP 

A 22H8 

5 30 volte 

IP - 21) 

A 0438 

7 30 volts 

Diffuse 
'I'll plots 
to lp — id 
X 2077 

8 38 volts 

Sharp 
Triplets 
to lp — 3s 
a 2776 

6 22 volts 

Sodium 

'6 12 volts 

Present 

3 78 volte 

- 



- 

Magnesium 

7 ftl volte 

Preimnb 

3 7H volts 

Present 

3 30 volte 

Present 

7 30 volte 

Present 

H 38 volte 

Present 

8 -22 volte 

Zinc 

0 35 volte 

Present 

3 78 volte 

Present 

6 39 volte 

Present 

7 30 volte 

Present 

8 36 volts 

Prevent 

8 22 volli 

Meroury 

1 10 4 volte 

Present 

3 78 volts 

Present 

6 39 volte 

Present 

7 30 volte 

Present 

8 88 volts 

Present 

8 22 volte 


Excitation of Mercury 


Exciting 

Metal 

Ionisation 
Potential 
of Same 

13-1 Pi 

A 2537 

4 86 volts 

Is - lp 

A 4366 

7 70 volte 

lp — 2 d 

A 3130 

8 80 volts 

Sodium 

6 12 volte 

— 

— 

— 

Magnesium 

7 61 volte 

- 

- 

— 

Cadmium 

S 95 volte 

— 

Present 

7 70 volts 

— 

Zinn 

0 36 volte 

Present 

8 46 volte 

Present 

7 *70 volte 

Present 

8 80 volte 


In addition, it has been found that neither hydrogen nor helium shows any 
visual line when introduced into the mercury vapour jet, Hydrogen requires 
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more than 19 volts to excite it, while helium requires mote than 20 volts 
Singly louiBed mercury can only supply 10 * 4 volts. 

It Will be noticed that so far as lines of the pfe spectrum are concerned, the 
excitation potential of the observed lines rarely exceeds the ionisation potential 
of the exciting metal. It is natural, therefore, to regard the excitation os due 
to single collisions with ionised or excited atoms of the latter metal 

There was, however, one distinct exception In the case of cadmium the 
series triplet lp — id requiring 8 38 volts was excited by magnesium, which 
has an ionisation potential of 7 -fil volts only. 

The data of the present investigation are not adequate to settle the explanation 
of this. Franck and Carlo (tor cit ) have given reasons for believing that the 
kinetic energy of translation of the interacting atoms should be added to the 
energy of the exciting atom in order to determine tho total energy available 
Having regard to the temperatures involved,this cause would probably be enough 
to contribute the energy of less than one volt which is needed to make up the 
deficiency, There is, however, another possible explanation, the emission of 
the Mg + lines 2795 and 2802 shows that some of the magnesium atoms carry 
an energy of 12 volts, and if these come into action their energy is, of course, 
more than enough to satisfy the requirements 

The question arises, how much stress can be laid on negative results as a 
general confirmation of the point of view that excitation ia determined by the 
ionisation potential of the exciting metal It is difficult to give any definite 
answer. If excitation is not observed, the possibility always remains that 
longer exposure or more favourable experimental conditions might have 
brought it out. and the technique of the present work, bo far as developed at 
present, hardly admits of a variation of, e the densities and relative propor¬ 
tions of the interacting metals over wide hmits. In this work wo have no 
evidence bo satisfactory as, for instance, the abrupt appearance of a line at a 
certain excitation potential, which gives definite significance to its non-appear¬ 
ance below that potential 

Speaking generally, if the spectrum of the metal B (fig 4) comes out very 
strongly on the plate, and if a gram or more of the metal 8 has been evaporated 
into the luminous jet, the absence of any of the lines of 8 is probably a fairly 
reliable indication that no excitation has taken place. It must be admitted, 
however, that in certain cases when the conditions arc apparently favourable, 
the excitation is by no means strong. For example, the excitation of mercury 
by the cadmium jet is very feeble, though quite definite both by visual and 
photographic observations, It would not seem that this faintness can easily 
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be brought into relation with the excitation potential*. For the resonance line 
l x 8 — lp 0 (2537) of low excitation potential was not seen at all. Yet it ie 
ordinarily aa intense as the triplet of much higher potential actually observed. 
Indeed, it was expected that this resonance line would readily appear alone, 
that is to say in the absence of other mercury lines, when a metal like sodium, of 
IqW ionisation potential was used to give the luminous jet: but this was never 
observed with mercury The analogous experiment with cadmium did sueoeed, 
however, as the table shows. The eipenmenta using a sodium jet were less 
satisfactory and less often repeated than I could wish, owing to lack of ade» 
qUate air pumps to cany off the large quantities oi gas given off by this metal. 
Many attempted experiments failed from this cause, 

In certain cases enhanced lines of the metals are excited. Thus ft was 
observed that the magnesium linos 2795 and 2602 were excited by cadmium! 
and that the H and K lines of calcium were excited by either cadmium or 
mercury lb seems impossible that the magnesium line mentioned could be 
excited by collision of the normal atom of magnesium with the singly ionised 
atom of cadmium unless the latter had itself undergone further excitation; 
but the spectrum obtained with cadmium alone does not show any of the 
(strong) spark lines of this metal. It Would seem, therefore, that we are thrown 
back on the alternative of ionisation and further excitation of the magnesium 
in two separate stages. There are, however, difficulties in understanding the 
appearance of the enhanced hues in the luminous jet of magnesium alone, 
which appear to aggravate those dwelt upon last year (foe. o«t* p. 277). 1 
cannot help thinking that we have much more to learn before the theory of 
metastablo states can be considered to be on a satisfactory basis. 

My assistant, Mr R Thompson, has given valuable help in carrying out these 
experiments, 

| 4. Summary. 

In this paper observations are described on the jets of luminous vapour 
distilled from metallic arcs further to those in 'Roy. Soc. Proc.,' A, vol. LOB, 
p. 262 (1905). 

It is shown that the appearance of high series members in the luminous vapour 
is due to their narrowness In the aro these lines are so broad as to overlap one 
another. As the vapour emerges and expands, they become narrow and can 
be resolved. 

Enhanced lines occur in the distilled vapour though in diminished intensity 
relative to the aro lines. In some caws, e.g., magnesium, they fads out Very 
rapidly compared with the aro lines. 
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Luminous Vapour Distilled from Metallic Arcs . 

The resonance line of mercury IS — lp, guns intensity relative to all other 
lines as the vapour matures. The satine is tnle of calcium , but the correspond¬ 
ing line of ma gnesium behaves in the opposite manner, dying out more quickly 
than the series lines in general. 

A luminous jet of one metallic vapour is able in many cases to excite the 
vapour of another metal injected into it. As a rule such excitation does not 
take place unless the ionisation potential of the first metal exceeds the excita¬ 
tion potential of the spectrum line in question. There are, however, some 
exceptions to this rule, and possible explanations arc discussed. 

DESCRIPTION OF PLATES. 

Plate 1 

I*—Spectrum of mercury vacuum arc 

II,—Spectrum of mercury vapour distilled from the arc, Llm» of the diffuse senes 
Ipj — rnd are marked on the strip between I and 11 . Note development of higher 
member of the series in the vapour 

IIL—Spectrum of glowing mercury vapour. The middle of the length of each spectrum 
line u from the dense vapour immediately it has left the axe. The end* of tho lines 
are from the expanded vapour. Note the diminishing breadth of lines of the diffuse 
senes 

Plate 2 

IV. —Spectrum uf a jet of glowing magnesium vapour as it emerges from the arc into a 

field free apace. The spectrum is in focus with the ]et Itself Note that the spark 
lines die ont much more quickly than the series triplets. Vertical magnification 
about twofold. 

V. —Another region of the same spectrum Note the short extension (and therefore duration) 

of the resonance line 19 — 1p fl . 

Plate 3 

VL—Excitation of zinc vapour by injecting it into cadmium vapour previously excited. 
The are spectrum below. Cadmium lines marked The distilled vapour spec tram 
above. Zinc lines marked. 
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The Freezing of Gelatin Gel , 

By T Moran. 

(Food Investigation Ikrnid of Lhe Department of Scientific and Industrial Research and 
Jyow Temperature IlcHcarnh Station, Cambridge ) 

(Coni mu moated by Sir William Hardy, F II S —Received .Tune 10, 1926 ) 

[Plate 4 J 

" Ash-free ” gelatin n applied by the Kastman Kodak Company was used 
throughout The actual content of ash was found to be 0 05 per cent of the 
dry weight To prepare gels of known strength, the requisite amounts of 
gelatin and water were left together overnight and then heated at 60° to H0° C 
on a water-bath for the least time required to produce a homogeneous solution 
When dissolved in distilled water, the hydrogen-ion content of the gel was found 
to be l() -< 7 gram ions per litre (? v , p n 4-7), which is the iso-olectnc point 
for golatm. 

Save where the contrary is stated, discs of gel as nearly as possible 1 -5 ems 
in diameter and 0 3 cui in thickness were used 

The behaviour of the gels on freezing and thawing was examined from three 
standpoints. — 

(1) The micro-structure produced by freezing 

(2) The quantitative determination of the ice which separates 

(3) The volume changes, 

No assumptions were made as to the structure of the gels, although a certain 
amount of evidence was obtained as to the molecular nature of the individual 
gelatin-water complexes, 

1 Micro-Structure produced by Freezing. 

As is well known, fLeezing ami thawing alter the configuration of colloidol 
systems whether gels or sols, and the resulting structure depends upon the rate 
of freezing. Stiles* has summarised the work of previous investigators. 
The structure is due to the fact that on freezing a gel ice separatee, leaving 
relatively dehydrated gel, and on thawing all the water is not at once or indeed 
readily reabsorbed 

* Special Report No. 7 of the Food [mitigation Board." Published by H M. 
Stationery Office (1922). 
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Only a qualitative study of the subject was attempted under this heading 
Cooling was not measured, but was broadly classified as very rapid when the 
freezing agent was liquid air or in air at — 19° C , as medium in air at — I V V , 
and slow in air at — 3° 0 The structure produced was found to depend upon the 
rate of freeing and the strength of the gel. the latter is given in percentages, 
namely, grams dry gelatin in 100 grams gel 

flections were cut at the freezing tempeiaturc ( — 3°, — Jl° or — 1J) U ), save 
when liquid air was used, all the implements being at this temperature, and 
were then at once dropped into 40 por cent, formaldehyde at the freezing 
temperature. 

After freezing hy dropping the discs into liquid air they were removed to 
— 11 0 C and sections cut at that temperature The following h a brief descrip¬ 
tion of the results obtained 

Gel 1 2 per cent --(a) Frozen in air at — li° (_' (fig 1). Ju the interior of the 
gel are a number of irregular spaces each of which contains a sponge of gel 
Between those spaces is homogeneous gel Freezing obviously must have 
started at a relatively small number of centres in the interior Freezing also 
starts on the surface of the gel becauso it was found to be covered by a thin 
shell of ice 

(6) Frozen m liquid air (fig 2) The interior of the gel is now occupied by 
a large number of clear spherical spa< es each about in diameter and arranged 
ID rows Each space represents a distinct centre of crystallisation. No 
detectable quantity of ice formed on the surface of the gel 

(c) Frozen in air at — 3° C No spaces are found in the interior Freezing 
takes place wholly on the surface, where a thick she’l of ice forms which encloses 
a core of dehydrated gel 

These observations prove that there are two groups of possible centres of 
crystallisation, external and internal* and that the former are prepotent because, 
when the degree of overooolmg is not boo great, they alone function The external 
centres may be supposed to be situated in a layer of insensible thickness of 
very dilute solution of gelatin covering the surface. 

At medium rates of cooling the external and a few only of the internal centres 
function. 

* The diameter of the gelatin muses between these ice spaces is roughly of the name 
order of magnitude. It is interesting, therefore, to cite the observation of Hardy (‘Roy 
Soc Proc.p' vol ftfl, p, 06 (1000)) lie dissolved 13 A grama of gelatin in 100 c.o, of 50 per 
cent, alcohol and found that on cooling fluid droplets appeared of the order of 9/i which 
later went solid and linked up in linear rows. 
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Freezing at — 19° C. in air was found in effect to be very fapid cooling, the 
resulting structure resembling that given by liquid air. 

It should be mentioned that whereas the appearance shown in figs* l and 2 
persisted lor some days at least in the thawed state, the oore of fche diao frozen 
at — 3° C. was perfectly clear and transparent and readily reabsorbed Water 
until its concentration was again 1 2 per cent., in other words, it was completely 
reversible. 

Ods weaker than 12 per cetrf. —The important difference was that at — 3°C, 
some internal centres were active, the appearance being that ahown in fig. I. 
Therefore the weaker the gel the slower must the rate of cooling be wholly to 
suppress internal centres of crystallisation. 

Strong Gels — 3d per cent — Frozen in air at — 11° C. An entirely new form 
of freezing now appears The irregular growth of icc crystals resulting in the 
irregularly shaped spaces, shown in fig. 1, with their contained sponge is replaced 
by a regular disposition of shells of alternate ice and gel disposed concentrically 
about the original centre of crystallisation. The spheres so formed are shown 
in fig 3. 

The structure of a sphere was detected by dissecting out one whilst still 
frozen, fixing it with 40 per cent, formaldehyde, and cutting sections, the whole 
operation being carried out at — 11° C The concentric layers of loe and gel 
are ahown in fig, 4 

The effect of rate of cooling upon the growth of these larger spheres is com* 
plicated Another sample of the same gel was kept at —11° C. until the Spheres 
just began to appear. It was then transferred to — 3° C. to complete the 
freezing. The spheres now no longer had the structure shown in fig. 4, Then 
was presumably a central nucleus of concentric shells of ice and gel as described 
above, and no doubt formed at the higher rate of cooling, and about this a 
thick shell of continuous ice. The arrangement of concentric shells therefore 
appears to need for its formation a rate of cooling lying within certain limits. 
At the lower rate it was replaced by continuous ice formation. 

Rohonyi* obtained by an artifice concentric shells even in dilute gels (2 to 
5 per cent.). In his experiments the gel was transferred alternately from 

- 10° C. to + T C 

Fig. 5 gives a due to the mode of formation of these rings. It represents the 
changes in volume of 6-B6 grams of a 43 1 7 per cent, gel which supercooled to 

— 11° C. and finally froze at the same temperature, giving the same ice 
formation as in fig. 3. The progress of the freezing was followed dflato- 

* 1 Bloc hem. Z ,' voL 63. p. 210 (1013), 
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tnOtgfchBy ftbti technique of which is described later) and the ordinates represent 
capillary reading*?, It will be observed that complete equilibrium was only 




* Fio, fl. 

attained twenty-six days after freeeing had begun* Let it be supposed that a 
heterogeneous mass of small ice crystals and particles of concentrated gel forms 
About each internal centre of crystallisation. As is shown in the next section> 
*QL. CXIT,—A. D 
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the concentration oE the gelatin particles will bo greater the lower the 
temperature 

Owing to the low diffusivity of the gel and the latent heat of fusion, the tem¬ 
per aturo at which the mixture of gel nnd ice forms will be higher than the 
external temperature (— 11°) Let us suppose that it is as high as —1° C, 
The curve in fig fi shows that, at thiH temperature, the concentration of gel 
in equilibrium with ice is approximately 50 per cent., whilst at — 11 5 the 
equilibrium concentration is G4-4 per cent. Now let the mass cool to — 11°. 
More ice will separate from the gel particles, and in this way, by alternate 
warming and cooling, shells of ice will form 

The spheres (fig 3) gradually disappear on thawung, leaving behind m each 
case a small hole m the gel 

Oehfrom 12 per cent to 40 ptr cent .—Frozen in air at — 3° C , ice was formed 
only on the surface Moreover, it was found Lhat this surface ice formation is 
independent of the external medium and was obtained when the discs were 
immersed and frozen in organic solvents such as benzene and toluene It does 
not depend, therefore, on chance seediDg by crystals of ice floating in the air. 

2 Phase Equilibrium between Ice and Gel 

The fact that with (Usch of gel frozen at — 3 D C containing not lesa than 
12 per cent gelatin, icc separated only at the surface on freezing was usod to 
determine the ice-gel phase equilibrium at various temperatures. At con¬ 
centrations of gelatin between 12 per cent and 40 per cent, with gels at the 
iso-cloctrio point, it was found that on slow freezing m air at — 3° C water 
passed into the external shell of ice until the gel had reached a constant com¬ 
position of 54 3 per cent gelatin Wlien equilibrium had been reached at this 
temperature, some of the discs were transferred to lower temperatures, when more 
water moved from the core to the shell In this way the equilibrium concen¬ 
trations of gelatin were obtained for different temperatures, and the results arc 
ploLtcd in fig 6, 

The actual experimental figures are given in the following table :— 


Table I 


Temperature 

Oel Conn'll trailon_ 

C 

Per cent 

- 3° 

04 3 

- IP 

60 1 

- 7° 

62 1 

-11“ 

64 4 

-]ft D 

66 2 
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Each point on this curve 19 the mean of eight separate analyses and represents 
a true equilibrium value for the analyses, which for any one temperature 
extended over a period of days, showing no ovidenoe of a trend, and the same 
point was reached whichever way it was approached along the ouive. For 
example, several discs of an 18 6 per cent, gel were frozen at — 3° C and stored 
at that temperature for five days. Six were then transferred gradually to each of 
the temperatures —5°, — 7°, —11° and —19° for seven days Another six weTe 
plunged into liquid air for a few minutes The discs were then all brought bach 
to — 3° C for 24 hours. The ice layer was then removed and the gelatin cores 
analysed. The core 111 every case was 54-3 per cent within the experimental 
error. The drying of gelatin gel between 54 - 3 per cent and 65 5 per cent seems 
to l)e truly reversible The lower limit of concentration is presumably that 
gel m which free water appears first, 1 e the gel which on further swelling 
suffers no contraction of volume. Taffcl* has shown that the contraction per 
1 gram of gelatin is as complete in a 25 per cent as in u 2 per cent gel. The 
concentration is therefore greater than 25 per cent It is shown later that m a 
52 1 per cent, gel which is reversible on freezing the last ice portion thaws at 
— 0 8° C. Presumably the minimum concentration of gel which is reversible 
on freezing with no hysteresis is approximately 50 per cent, in which case the 
complete form of the curve in fig. 6 is 8-shaped. 

The curve reaches a constant level at a concentration of 65 to 66 per cent 
gelatin, therefore when the water content falls to 35 to 34 per cent , there is 
no separation of ice at any temperature. This was confirmed by immersing 
a 05 • 5 per cent, gel in liquid air, when it remained clear and transparent, showing 
that no ice had been formed All gelB of lower concentration become white 
and opaque in liquid air 

This undoubtedly suggests that water is present m the gel m two states, 
which may be distinguished os ‘'bound” water and “interstitial” water. 
Bound water is merely water which is incapable of being frozen. It is possible 
that the bound water is held by the gelatin molecules to form molecular com¬ 
plexes, and that the spaces between these act as capillaries. 

This theory has been applied bo the silica molecule by Patrickf and his co- 
workers to explain many of its properties, particularly its adsorptive power 
towards various gases and organic solvents. On the same basis, that water 
in a gelatin gel which freezes below 0° C would be the capillary water. There 

* 1 J. Chem. Boo./ vol 121, p. 1071 (1022) 

f 1 J. Amor. Chem. Soo vol 42, p. 046 (1920); vol 44, p. 1 (1022); 1 J Phys Chem 
vol. 29, p. 1 (1026); vol. 20, p. 220 (1026). 

D 2 



36 


T. Moran. 


is, however, no evidence that a gelatin gel has a capillary structure. Thus 
in a gel of concentration 65 5 per cent, presumably the capillaries are already 
in existence, and yet tins gel will not absorb organic solvents Until, therefore, 
more definite evidence is brought forward, the most satisfactory concept is to 
figure the gelatin molecule or aggregate being surrounded, first, by an envelope 
of oombmed water, and then by successive layers of non-combined water up to a 
critical distance depending upon temperature and the presence of other solutes, 
i e upon the dielectric constant of the aqueous phase This is virtually the 
micellar hypothesis of Nageli (I85B) 

Taffel* comments on the striking curve obtained by Shepphcrd and Sweetf 
for the relationship between the setting point and concentrations of gelatin 
gels Between 0 and 65 per cent the curve is hyperbolic to the axis of con¬ 
centration, but at a concentration of gel between 65 and 70 per cent there is a 
sudden change of direction in the curve, due, as he suggests, to the gelatin-water 
complexes touching unn another and bringing into play force fields of con¬ 
siderable magnitude He also cites the observation of .Shroeder.J who exposed 
a strip of dry gelatin to saturated water vapour for 20 days and found that its 
weight increased from 0 904 to 1 318 grams , in other words, 1 gram of dry 
gelatin absorbs 0 414 gram of water to form n 70 0 per cent gol This water 
might be presumed to be the absorbed or bound water The difficulty, however, 
in this type of experiment is to maintain the vapour in the saturated state 
Unless most elaborate precautions arc taken to ensure constancy of temperature, 
the humidity is often below the saturation point Moreover, it is not at all 
certain that the system had reached equilibrium in 20 days 

The hypothesis that chemically held water or water of true hydration may be 
put as high as 0 53 gram per 1 gram gelatin raises many difficulties. There is 
evidence for putting it much lower, namely, at about 0-08 gram Svedberg§ 
has measured the contraction m volume that occurs when 1 gram of gelatin 
in gels of various concentrations la dissolved in 100 c c of water. The curve, 
fig 7, bus been constructed from his figures It shows the contraction in cubic 
millimetres per gram of gelatin when different weights of water are dissolved in 
it (t = 35-2° C ). The (urve shows a sharp change of direction at about 0-08 
gram water per 1 gram gelatin equal to a 92 per cent gel. 

Moreover, if discs of a 65-5 per cent, gel are immersed in anhydrous acetone 

* Loc nt 

t ‘ J Ind Eng. Chem.,' vol. 13, p. 423 (1921). 

X 1 Z. phyaikaL Chem.' voL 45, p 75 (1903). 

| 1 J Amm Chem Soc,,' vol, 46, p. 2678 (1924). 
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(which is continually replaced), they rapidly lose water, but eventually reach 
equilibrium at a concentration of gel m the neighbourhood of 94 per cent. 



A set of actual figures are shown in Table TT 


Table II 


Number of dAys 1(1 
aootono 

Weight of gel 

difio 


grain* 

U 

0 2408 

2 

0 1742 

ft 

0 1732 

12 

0 1710 

ia 

0 1710 


Likewise, ordinary Kodak gelatin (water content — 16 4 per cent) under the 
name conditions gives a critical gel concentration of approximately 92 per cent. 
(Table in) 


Table III 


Number of days in 
eoetons 

Weight of gel 
dlw 


gram* 

0 

0 2154 

2 

0-2021 

7 

0-1960 

10 

0 1907 
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Fisher* also states that the rate of drying of gelatin gob is a linear function 
of the gel concentration until the water content has been reduced to less than 
10 per cent, (tea gel concentration > 90 per cent ). 

It is in the very earliest stages of absorption of water that the greater part 
of the heat of mixing of gelatin and water is given off Katzf has calculated 
that at the initial moment of swelling the heat liborated by 1 gram of gelatin 
for 1 gram of water absorbed ia equal to 230 calories, whilst Wiedemann and 
Ludekingt found experimentally that the average heat of swelling at 18 4 d C. 
is 5 7 calories per grain. 

Possibly watrr combines with the large gelatin molecule at more than one 
point, a a Jordan Lloyd§ suggests, and that each has its own heat of combination 
and its own effect upon the specific volume 

3, Changes in Vohnne of Iso-Electric Gels on Freezing and Thawing 
An attempt was made without much success to settle some of tho difficulties 
raised in the last section by measurements of volume. 

An ordinary glass bulb-capillary stem dilatometer was used with liquid 
paraffin (sp, gr 0 880) as the displaced fluid. The capillary height could be 
read to 0 0B cm, and as 1 cm. of capillary had on the average a volume of 
0 015 c c tho volume measurements were accurate to 0 0007 o.c. 

The expansion and contraction of the liquid paraffin was perfectly linear 
between + 1B° and — 11° C , but increased more rapidly between — 11° C and 
19° C , bo that 1 gram of liquid paraffin at — 19° C oontraotedO *00110 c c. more 
than that given by extrapolating tho straight line characteristic of the tempera¬ 
tures between + 15° C. and — 11° C, The cooling and warming curves were 
completely reversible, and there was no evidence whatever of capillary 11 creep/' 
Figs. 8 and 9 are the curves obtained with 23*5 per cent, and 52-1 per cent, 
gels respectively. The arrows indicate whether temperature was falling or 
rising. Starting at A, the volume falls uniformly until freezing begins in the 
Buper-cooled gel at B. Part of the water m the gel then freezes, accounting 
for the expansion BC, When the freezing is complete the volume again falls 
uniformly to D, the lowest temperature available lor prolonged exposure. 
With a 23 -5 per cent, gel D appears to be a true equilibrium point easily reached. 
No change of volume occurred in four days. With a B2 * 1 per cent gel there is 

* ‘ Hoy. Soo. Proc / A, voL 103, p, 678 (1023) 
f * KolL Chem. Benhefts/ vol. 0, p. 1 (1917) 
x 1 Wlod, Amuien, 1 vol 23, p. 115 (IBRfi). 
fi 1 Biochem. J./ rob 14. p. 147 (1920). 
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a alow increase in volume at — 19° C , which appears in figure as DIX The 
increase in volume took 18 days for completion. D' is now a true equilibrium 




rtM^jtfi * tube { t.j 

Fiq. 9. 


point, for on placing the bulb of the dilatometer in solid carbon dioxide 
(temperature = — 78° C ) for a few hours, the same volume was attained on 
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ro-warmjDg to — 19° C This slow approach to equilibrium with colloids has 
not been realised sufficiently hitherto, but it is clearly an obvious point of 
cntici&m in all work of this nature, particularly static investigations, Thus, 
as already noted, true equilibrium was attained at —11° C. with a small 
sample of a 43*7 per cent, gel in not less than 26 days 
The storage tune at each temperature for the two concentrations 23*5 per 
cent, and 52 1 per cent are given in the following table ;— 


Table IV. 


1 

Approximate 
Lem pprut lire 

Storam 

23 5 per Cent 

S tune 

52 1 per cent 

0 

Daya 

J)ayn 

s n 

1 2 

2 

1 

, 1 

1 

- 3* 

1 I 

] 

- 3° 

: i 

1 

- 7 P 

ii 

12 

-ir 
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- ir 
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10 
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- 7° 

2 

3 

- G 

3 

4 

- V 

1 

2 

- 1" 

-- 

l 

+ 1“ 

2 

— 

N * 

4 

J 


At each temperature constant volume Teadmgs were obtained ft few hours 
(or days) ember than the stated storage time 
The reverse curve in figs, 8 and 0 at first diverges slightly from the freezing 
curve, 11 1 )E and D'E are not parallel to CD This has been observed for 
different substances by other investigators, notably Foote and Saxton,* and is 
ascribed to the rupture of capillaries m the freezing process, with consequent 
increase in volume of the system as a whole 

It will also be observed from the thawing portion (D'EF) of the curve in 
fig 9 that the bulk of the ice formed in a very concentrated gel (52 ■ I per cent) 
commences to thaw once a temperature of approximately — 6*0° C is reached. 
This is in agreement with the general shape of the cprvc in fig. G, which steepens 
suddenly at about this temperature, 

A second effect o£ concentration appears on thawing Whch the concuntra- 
* ‘ J. Ainar, Ufom Soc / voL 38, p. 58S (1016), voL 30, pp 037,1103 (1B17), 
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tioa ift high (t,g. 52*1 per cent, gel), the curve EF meets and hues with the 
curve AB, but when it is low there is an increase in volume which persists into 
the fully thawed state. This volume increase, which is presumably the 
result of structural breakdown, may be regarded as a measure of the irre¬ 
versible changes in the gel 62 * 1 per cent, and 43 ■ 7 per oent. gels showed no 
visible alterations as a result of the freezing cycle, and for these gels the increases 
in volume per 1 gram of golatm are 0 and 0 0009 c.c. il^>ectively The 
11‘5 per oent, and 23'5 per cent, were white and opaque on thawing, and, as 
would bo expected, showed the greatest increase, namely, 0-0070 c c per 
1 gram of gelatin in each case. This measure of the irreversible change merits 
further analysis. Apart from the concentration, the only other variable is the 
rate of freezing. With concentrated gels freezing proceeds at a very slow rate, 
whereas with the more dilute gels equilibrium is reached quickly The obvious 
question therefore arises as to whether, other factors being constant, the rate 
of freezing determines the extent of irreversibility in gelatin gels. To test this, 
discs of gel containing 6'25 per oent ,9*58 per cent, and 11*6 per cent, gelatin 
were prepared and weighed and kept lor 2 days, some at -3° C, others at 
— 5°, —7°, —11°, —19° C , and some in liquid air ( — 190° C ) tor three minutes. 
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The diBca at — 3° and —5° C. were Beaded with ice as Boon as they were cooled to 
ensure freezing. All were then restored to — 3° C, for 24 hours and thawed in 
distilled water of 4 - 9 at room temperature, the 5 ■ 20 per cent, and 11-5 percent, 
gel discs for three days and the 9 58 per cent gel discs for two days. Each disc 
was then weighed after having loosely attached water rapidly blotted off with 
filter paper. The flam in weight then represents water absorbed by the gel, 
and this la plottems a percentage against the temperature of freezing in fig. 10, 
The experiment was carried out, when necessary, under antiseptic conditions. 
The curves show that the more rapid the rate of freezing the Blower was the 
uptake of water, i e tho greater the freezing rate the greater the damage to 
the gel as determined by its subsequent affinity for water A further point of 
notice was that in all cases the diBcs of gel which had been frozen at ^3° C. 
and thawed were quite transparent and apparently unchanged, whereas those 
which had been frozen in liquid air were densely white and opaque. The 
obvious suggestion, omitting a capillary hypothesis, is that m some way 
part of the bound water is removed by rapid freezing with a consequent increase 
in volume of the system, as opposed to the decrease in volume during normal 
solution The reabBorption of thiB bound water, which will take appreciable 
time in the gel state, evidently precedes the further swelling of the gel, Tho 
validity of this suggestion is borne out by a detailed examination of the 
dilatometer curves 

Analyst# of DdcUotrwtnc Results. —It has already been suggested that the 
bound water in iso-elec tnc gels is approximately 0*53 gram per 1 gram of 
gelatin and that all the free and pseudo-froo water is frozen out at — 19° C. 
Accordingly, an attempt was made to confirm these conclusions by calculating 
from the volume changes the amount of water unfrozen at — 19° C, The 
physical constants employed are all taken from Landolt-Bomstein Tabellen. 

The density of ice at 0° C is 0- 9168, i e, at 0° C. 1 gram of water in changing 
to ice increases in volume by 0 ■ 0907 o c This, however, is not true at —19° C., 
since water and ice possess different co-efficients of expansion. Moblei gives 
the specific volume of water as low as —13° C. Extrapolating, the specific 
volume of water at — 19° C is 1 00563 Further, from Roth's data, the density 
of ice at —19 s C. = 0-9181, % e. specific volume = 1 *0892. Therefore, 
the increase m volume when 1 gram of water changes to ice at —19° C. 
= 0 0836 o.o. 

Table V shows in detail the results obtained with four concentrations of gel, 

The apparent increase in volume (column 6) was read off from the curves, and 
is the difference in capillary height between AB produced and D (or D') multiplied 
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by the volume of 1 cm of capillary. T|o this is added a correction due to the 
expansion of the liquid paraffin ceasing to be linear with temperature, 

Svedberg,* moreover, has Bhown that at 35° C. the contraction in volume 
when a 65'5 per cent gelatin gel containing 1 gram of gelatin is dissolved in a 
large excess of water is equal to 0 020 c c., i.e, this volume represents the 
contraction of interstitial water per 1 gram of gelatin at 35° C In the present 
experiments the gel froze between — 1° C and —11° C,, but no data are available 
as to the contraction in this region Taffelf gives 0 065 and 0-073 c c. at 
32° C. and 15° C respectively as the total contraction when 1 gram of gelatin 
enters into solution. Assuming a similar proportionality for the contraction of 
interstitial water, it is concluded that its value at — 7° C is 0-026 c c. The 
factor, mass of dry gelatin X 0 026, is the volume in c,c to be subtracted from 
the observed increase in volume (column 6) to obtain the increase in volume due 
to the water freezing It will be noted that for the purposes of calculation it 
was first assumed that the unfrozen gel would be of concentration 65 ■ 5 per cent. 

The table shows that with the 43 * 7 per cent and 52 1 per cent gels the average 
amount of bound water per 1 gram of gelatm is 0-56 gram, which compares 
well with the previously obtained value of 0 53 On the other hand, with the 
11-5 per cent, aud 23 5 per cent, gels, the amount of bound water is distinctly 
less It is inconceivable on a mass action basiB that the extent of bound water 
should decrease with decreased concentration of gelatin. Some other factor 
is responsible It is suggested that during the freezing of the interstitial water 
in these two concentrations of gel, a portion of the more loosely bound water is 
mechanically torn away from the gelatin molecule Incidentally, this would 
explain the relatively large increase in volume of these two gels on thawing. 

4. Effect of the H-lon Content upon Ice Separatum. 

Gels containing 20 per cent gelatm with varying quantities of hydrochloric 
acid were moulded into discs, frozen at —3° C,, the external sheet of ice removed, 
and the concentrated gel dried to constant weight at 105° C The time of 
storage in the frozen state varied from five to ten days, and constant analyses 
were obtauied over the whole period In calculating the weight of gelatin, 
the combined acid was allowed for on the assumption that 10 grams of gelatin 
combine with 9 c c. of N. HCL 

In fig 11 the water per 100 grams of gelatin which does not freeze is plotted 
against the number of cubic centimetres of normal acid in the gel per 10 grams of 


* Loc, dt. 
t Loc. ait. 
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gelatin, At 9 c.o, o! normal acid the curve turns sharply upwards and, accord¬ 
ing to the figures given by Harris,* Hitchcookf and others, all the acid up to 



Fig U. 

this point will have combined to form gelatin hydrochloride* Along the 
ascending part of the curve there was, therefore, excess acid, and the decreasing 
availability of water for freezing may be ascribed to the lowering of the freezing 
point by the free acid. 

So long as the aoidis notin excess, the quantity added has relatively little effect 
upon the availability of the water. The availability of water is greatest at the 
iso-electric point. 

If the available water be identified with the interstitial or freewater of the gel, 
this result is in sharp contrast to the conclusions of Callow,J who found the 
velocity of crystallisation least at the iso-electric point and greatest at p H 2 6 

* * Roy. Soo Froo / B, vol. 97, p 364 (1925). 
t ‘ J of Gen. Physiolvol 4, p. 733 (1922), 
t ' Roy Soc. Proc.,’ A, vqI, lOfl, p. 307 (1025). 
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which corresponds to the inflexion point in the curve fig, 11. He concludes 
from this that the amount of available water is least at the iso-electric point. 

Callow measured the rate of advance of the tips of the advancing ioe face 
along a cylinder of gol cooled to — 3° C. and seeded with ice at one end, It 
cannot be supposed that there was equilibrium between ice and gel at these 
points On the contrary, behind the levels observed by Callow there would be 
left a mixture of ice and gel in which ioe formation would continue The 
velocity recorded by him would therefore have little relation to the time required 
to convert all the available water into ioe and cannot be UBed to determine 
when the available water is greatest or least. His velocities probably depended 
upon differences in the gel structure duo to variations in the state of aggregation 
of the gelatin-water complexes. 

In conclusion, I wish to express my thanks to my assistant, Mr. H. F. Hale, 
for his help in the experimental work 

Summary 

I, The freezing rate and gel concentration determines (a) the disposition of 
the ice in the frozen gel, (b) the extent of structural deformation in the gel. 

II, When gels above a concentration of 12 per cent are frozen slowly, there 
is a clear-cut separation into ice and more concentrated gel, and the concentration 
of the latter is determined by the temperature. 

Ill The existence of this phase equilibrium between ico and gel has been 
used to determine the state of the water in iso-olectric and acid gels, 
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[Plat* 6 ] 

The curious spheres described by Moran, consisting as they do of a succession 
ol shells, afford unmistakable proof that the formation of the ice phase inside a 
gel may not only vary in rafco but actually intermit. This study was under¬ 
taken in the hope of throwing some light upon this phenomenon It hoe 
revealed two unexpected facts, namely, that, save in very dilute gels, the course 
of internal freezing is usually intermittent, and that, instead of pure ice, a solid 
solution of gelatm and ice separates. Pure ice can and does sometimes form 
in the shape of rounded crystals scattered throughout the gel, but in the 
common type of freezing, by spheres or rays spreading from centres of 
crystallisation, it is always a solid solution which separates 

The current conception that the spongy structure found in gels after being 
frozen and thawed is due to crystals of ice is wrong It is due to the de-solution 
on rise of temperature and fall of pressure of the solid solution mentioned above. 
Actually, so far as my observations go, when crystals of pure ioe melt, the water 
is re-absorbed at once by the surrounding gel, leaving only a tiny cleft. 

Neither the optical properties nor the behaviour on thawing of the ioe phase 
support Moran's suggestion that it is at any stage a mixture of ice crystals and 
particles of dehydrated gel. 

Part 1 —Microscopical Observations . 

Freezing was watched under the microscope in cold chambers at — 7°, — II 0 
and — 12*7° respectively. All appliances and reagents were at the temperature 
of the chamber. With the exception of numbers 1, 2, S and 9, the figures are 
from free-hand sketches made as carefully as the rigorous conditions permitted of. 

The process was followed in plates ol gel, roughly 0*5 mm. thick, prepared 
by placing a drop of melted gel on a slip of glass, covering it With a very thin 
sheet of glass, and allowing it to set at room temperature. Ordinary medicinal 
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paraffin waa run round the edge to prevent evaporation, and the preparations 
were stored at 0° for a few days before use 
The following types of free sing were found 

(1) Circles. 

(2) Rays 

(3) Disseminated. 

Circle# were undoubtedly the equivalent of the spheres observed by Moran, 
Each was about 0-5 mm. in diameter, and consisted of a central circular area 
surrounded by rings (fig 1) With high magnification the rings were seen to be 




Fio. 2- 


40 per oent. gel, frooen at — 11° (X 100 diameters, from photographs). 

Fifl. 1.—A circle Fro. 2.—Secondary anas forming in central part of a circle. 


separated from one another by membranes (fig. 3(a)), about 0-Dp thick, of dense 
gel, which were curved m a vertical plane. The structure, therefore, was that 
which would be produced by compressing one of Moran’s spheres between two 
planes. The membranes separated zones of optically homogeneous material 



Fla. 9 — 96 per cent, gel, froaen at — 11 s . Part of a circle highly magnified - (a) before, 
(b) after, rapid thawing. To save time, the secondary areas, which now completely 
occupy tones 1, 2 and 3 were sketched in only in places 
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which appeared to be pure ioe {fig. 3 (a)), bat which, on thawing, was found to 
be a solid solution of ioe and gelatin (fig. 3 (6)). Freezing obviously had been 
intermittent. 

Ray8, like circles, were always products of intermittent freezing, being 
divided by curved membranes into compartments filled by homogeneous solid 
solution (fig. 5). Circles formed at first rapidly and then slowly In the first 
period, growth was too rapid, and in the second too slow, to be followed. Rays, 
however, advanced at a rate which allowed the process to be followed under a 
high power with ease. 

Rays and circles are merely minor variants of the same type of freezing 
Sometimes a circle would a bop growing when the diameter had become about 
0-6 mm. Others at or near this limit would continue growing by rays, which 
often advanced with the same velocity, so as to preserve the circular contour. 
The membranes of the circle could be Been bulging into the base of the rays 

(fi*. 6) 



Fig. 4. FlQ. 5. Fig. G. 

Fig. 4.—40 per cent gel, frozen at — 11°. Transferred to 3 9 to allow secondary areas to 
develop fully 

FlO, 5.—Tip of a ray showing membranes (a) t luminous bob? (6), and fine etched lines (c) 
Ft a. 0.—Sketch of a circle with a single ray growing from It. 

Disseminated freezing was of two types (1) The gel was everywhere closely 
studded by crystals with rounded edges very regular in size, each being about 
20|i in diameter. Each crystal was of pure ice, and each began os a minute 
sphere whose growth was rapid in very dilute gels, and too slow to follow 
in gels from, say, 20 per cent, upwards. Freezing did not appear to be 
intermittent. 

Sometimes circles, with or without rays, would fortn at a few centres, say, 
0 to 10, and after a while cease growth. Eight or more days later the remainder 
of the gel would be found to be occupied by crystals. 

(2) The gel was occupied by minute spheres, all of the same size, namely, 
about 3p in diameter (see Moran 'b fig. 2). This land of freezing was found by 
vol. oxn.— a. 


s 
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Moran only at temperatures below — 19°, when cooling was very rapid. 
Probably in this second form of disseminated freezing ioe began to form during 
the fall of temperature, but ceased when the viscosity became too great, in 
which case the two types are merely different stages in the same process. 

Nothing is known as to tee nature of the centres of crystallisation, but it is 
dear that they were in two classes, a few (not more than, say, a dozen in a 
square centimetre) whioh became active with moderate cooling and gave rise 
to circles and rays, and others, many hundreds in number, which in strong gels 
became active with moderate cooling only after a long latent period lasting for 
days and at once wiLh great cooling (—19° or more). The less the degree of 
cold, the fewer of this second doss became active. 

Prolonged study would be needed to evaluate all the variables, especially 
as some unknown factor operates, All the preparations from the same 
mass of gel, for example, do not give the same results Thus, in ten 
preparations of 15 per cent gel exposed to — 11° for one day, there was no 
freezing at all in one preparation, and circles, with or without attached rays, 
from two to five in number, in all the others. The following conclusions, 
however, appear to be certain — 

Freezing is intermittent, with separation of a solid solution m gels from 2 per 
cent, to 40 per cent (tee latter the strongest used) when exposed to temperatures 
from — 6° to — 13-6°. 

Freezing is always disseminated and very rapid, with separation of a multitude 
of crystals of pure ice, in gels of less than 2 per cent. This same type of dis¬ 
seminated freezing may occur in stronger gels, but it takes a week or more to 
appear. 

Exposed to —19° C in gels between 15 per cent, and 40 per cent., freezing 
was always disseminated, and only minute spheres of ice were formed. Weaker 
gels were not tned. 

At — 2*6° to — 3°, no spontaneous freezing occurred. 

Callow found that when he removed gels in whioh spheres had begun to 
form at — 11° to —3°, pure ice was deposited about them ; therefore a solid 
solution separates only at temperatures below — 3 s . It will appear later that 
the solid solution is unstable at — 3°. 

It might be supposed that the separation of a solid solution depended upon 
the rate of cooling. Slow cooling was tried, ten days being occupied in the 
change from 0° to — 10-4°. Freezing was intermittent, and a solid solution 
separated. Owing to tee capacity for overcooling, however, slow cooling does 
not imply slow freezing. 
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Membranes ,—The end of a ray has a smooth rounded contour suggesting a 
surface moulded by surface tension. The gel ends in a luminous zone (6, fig. 5), 
which may be a diffraction halo or may be a zone of denser gel. It is about 
0- 5p wide. Beyond it in the gel are finely etched lines (c in the figure). Some¬ 
times lines appear also to be within the luminous zone, but this appearance is 
probably due to the curvature of the surface in the vertical plane Fine etched 
lines, similar to those described above, are also found in the gel at the outer 
edge of circles. 

As growth proceeds membranes may be seen to become detached, so as 
to divide the ray into oompartments (figs, 5 and 6), each of which is filled 
completely by optically homogeneous transparent material 

It might be supposed that each compartment represented a single block of 
sohd solution and that the appearance of menfbranes is really due to diffraction 
halos at the surfaces separating them. This is negatived by the fact that the 
membranes are singly refractive, while the contents are uniformly doubly 
refractive. With crossed Nicols the former arc dark against a luminous back¬ 
ground The membranes also persist on thawing. 

Sufficient cause is found in Fait 2 why freezing should be intermittent, the 
pAUBes being due either to an increase m the internal fnction, or to the con¬ 
centration of the gel at the ice face increasing until it iB in equilibrium with the 
ice phase The microscope shows, however, that when a pause occurs freezing 
Btarts again, not at the original face but at a new face within the gel, thus leaving 
the characteristic membrane of dehydrated gel behind 

The explanation probably is simple. During interimttence the temperature 
at the face will fall and the hydration of the gel rise. The fine lines described 
above show that cleavage occurs in the gel owing to uncompensated stresses, 
and each cleft will be the locus of a thin layer of dilute solution. Such a solution 
will have a higher freezing point than that of the concentrated gel on either 
side, and therefore freezing will start m it. The layer of dilute solution will, 
like the layer of fluid of insensible thickness on the Burface of overooolod gel 
referred to by Morau, be the locus of centres of crystallisation of higher potential 
than any in the interior of the gel. The clefts at the end of a ray are Been as 
they appear after thawing in the photograph (fig. 9). 

Thawing .—By a simple device it was possible to raise the temperature of a 
preparation on the stage of the microscope either quickly or slowly, and thus 
watch the ohanges. 

Two distinct events happen—distinct because the first can happen without 
the second, They are a separation of the sohd solution into ice or water and 

e 2 



52 


Sir William Hardy, 


concentrated gel at about — 6°, and a violent transference of water from the 
sponge of concentrated gel so formed to the surrounding gel, which occurs at 
about 0° C Tho sponge oommonly described in the interior of gels which have 
been frozen and thawed is due to the first of these changes of state, and the 
final volume occupied by the sponge when thawing is complete is very much 
less than the volume of the ice phase, owing to the second process. Neither 
process is arrested by the use of strong fixatives such as formaldehyde. Some 
yearB ago* I drew attention to the artifacts caused by fixatives No more 
striking instance oould be furnished than the false pioture given by strong 
fixatives of the process of freezing in gels, even when used as Moran used them, 
in the most favourable fashion 

As temperature slowly rises, small spheres appear in the solid solution, which 
slowly increase in size In circles they appear first in the central area. Fig. 1 
shows a circle at —11°, and fig. 2 a circle m which small droplets are beginning 
to appear at the centre owing to a slow nse of temperature, 

As the word (< sphere ” has been used to denote an entire system, it will 
help to avoid confusion if these spherical droplets are called secondary areas. 
The secondary areas are smaller and more numerous the more rapid the rise of 
temperature. One has therefore in the solid solution, as in entire mass of gel, 
a great number of centres or nuclei, of which the number which become active 
is determined by the rate of change of temperature. Secondary areas can be 
developed to their limit of size by taking a gel from, say, — 11° and keeping it for 
a day at — 3°, They are then found to occupy the whole distance between the 
membranes (fig 4) 

Figs 3 (a) and 3 (A) illustrate the effect of more rapid warming Very rapid 
warming or flooding with 40 per cent, formaldehyde or absolute alcohol—of 
course, after removal of the cover glass—produces a fine-grained structure 
composed of a multitude of secondary areas not more than 0 > 1 p in diameter 
The variation of the size of the areas with the rate of warming proves that they 
are not preformed. 

Secondary areas do not appear to communicate with one another—a fact 
which makes it difficult to understand the expulsion of water which takes place 
on further nse of temperature. It is impossible to follow this process; it takes 
place with such startling rapidity. The quantity of water lost is considerable- 
cays shrink by 30 to 50 per cent, of their volume, and tho water so lost is at 
once taken up by the surrounding gel Figs. 7 (a) and 7 (b) show the appearance 


* 1 Journal of Physiology,’ vol. 24, p. 158 <1699). 
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oi rays before and alter rapid thawing. The serrated edges indicate where the 
membranes have folded together. 



Fig. 7.—16 pen cent, gd, frozen at — 11°. Raya before thawing (a), and after rapid 
thawing (b). The fine grained structure produced by rapid thawing in indicated in 
only one of the latter 

Expulsion of water from the solid solution occurs also in circles, but a large 
part is trapped between the concentric layers. The result is that the mem¬ 
branes are split. This is clearly shown in figs. 3 (a) and 3 (6), which show port 
of a circle highly magnified before and after thawing. 

The capacity of the gel for re-absorbing water is shown also in the case of dis¬ 
seminated freezing. Each ice crystal disappears, and in its place is left a small 
cleft. The space occupied by the crystal therefore vanishes almost entirely, 
but, as might be expected, the collapsed walls do not join together. It is to be 
observed, however, that Buch extensive re-absorption of water occurs only when 
the gel is fairly concentrated (20 per cent, and upwards); when it is very 
dilute (under 2 per cent), the spaces occupied by the crystals round up on 
thawing, with but little decrease of volume. The result is an open sponge, the 
spaces in which, however, do not appear, at any rate at first, to communicate 
with one another. 

Polarised Light — Before any freezing occurs, the gel is singly refractive, even 
though it has been overcooled for some days. When freezing has taken place, 
that part of the plate unoocupied by circles, rays or crystals is doubly refractive ; 
the solid solution is also doubly refractive ; the membranes are singly refractive. 
After the formation of secondary arena their walls of concentrated gel are singly 
refractive. 

Even when thawing is complete the plate of gel remains doubly refractive. 
The molecular structure imparted by freezing therefore persists. Whether it 
ultimately vanishes was not determined. 

These observations suggest an explanation of a striking fact discovered by 
Callow.* He seeded cylinders of gel overcooled to — 3° at one end and observed 
* 1 Roy. SoO. Proc A, vol- 108, p. 307 (I02B). 
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the rate of advance of the ice. Up to a concentration of 2 per cent, the velocity 
was of the order found in pure water. At 2 per oent. it suddenly dropped from 
900 cm /hr to 40 cm /hr. My own observations were made entirely upon 
spontaneous freezing, but they showed that at some low concentration of the 
gel intermittent freezing appeared and disseminated freezing with separation 
of pure ice became very infrequent. The drop in velocity noted by Callow 
may therefore have been due to intermittent freezing replacing a continuous 
process. 

These observations throw some light upon Moran’s dilatometer curve (fig. 9)* 
which shows that as temperature rises there is a sudden contraction at between 
— 8° and — 7°. This is the temperature at which secondary areas appear; it is, 
therefore, a decrease of volume due to de-solution of the solid solution. When 
thawing is complete, the volume does not alwayB return to its original value— 
there is persistent slight increase. This is probably due to the persistence of 
that molecular pattern into which the gel is thrown by the stresses set up about 
the places where actual separation of an ice phase takes place, and which is 
manifested by the persistence into the thawed stage of double refraction. 

Attempts were made to determine whether the separation of a solid solution 
was due to the rate of freezing by exposing gels to —3°. They were not 
auooeasfnl owing to the overcooling. Gels from 2 per cent to 40 per cent, failed 
entirely to freeze at — 3°. Callow obtained considerable nodules of ice in the 
interior of a large mass of gel in a test tube, but each was deposited about a 
minute sphere which had previously formed at — 11° 

My acknowledgments are gladly given to Mr. Hale for microphotographs 
taken under most trying conditions, and for making all the preparations of 
gal needed 

Port 2.— Theoretical. 

Moran distinguishes between internal and external centres of crystallisation 
and points out that ice formation is confined to the latter when the overcooling 
is not too great.f He also finds that when ice forms wholly on the surface of 
the gel a true phase equilibrium between ioe and gel is reached in what is, for 
tile colloidal state, a short time. 

Phase equilibrium of the kind described is so rare in the case of ooUoidal 
systems (I cannot recall another instance) as to deserve some thought. It is 
no doubt conditional equilibrium and not the absolute equilibrium which simple 
solutions exhibit, because it will certainly depend upon the previous history of 
• Vide Htpro, p. 39. f Vide nips, p. 41 
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the gel upon, for example, the temperature at which the gelatin wae dissolved 
and the rate at which gelation took place, since such!things influence the structure 
of gala. The point u that when the structure had been finally established the 
phase relations with ice became a pure function of temperature and, as will 
appear later, of pressure. 

Moran took care to assure himself that the phase relations observed by him 
were between pure ice and gel. The interface was effectively plane, for, m the 
thin discs employed, the curvature of the rim was small and its area only a small 
fraction of the whole surface. 

Consider the formation of ice on the surface of one of his thin discs, The ice 
face Would advance inwards at a rate equal to the mass of ico (m) deposited in 
unit time multiplied by its specific volume (S«). The gel face would retreat at 
a rate equal to the same mass multiplied by the specific volume of water (S») if 
the minute contraction which oocurs when gels of medium strength absorb 
water be neglected. Since S* is greater than 8* a pressure would be set up 
whioh would crack the shell of ice at the edges of the thin discs, and Dr. Moran 
tells me that the shell of ice always was found so cracked. We may therefore 
take it that the equilibrium obtained wae not only at a plane face but also 
sensibly under constant pressure. 

When ioe is being formed we may, following H. A. Wilson, suppose that the 
water is being driven from the gel to the ice by a pressure A which is equal to 
the difference in the internal pressure W, of the water in the gel and of the ioe 
W,. That is, A = (W # — W,). This is the pressure which is equal in 
magnitude to that which would have to be applied to a piston impermeable to 
ioe to stop freezing. For small values of A it may be put equal to the 
difference in the vapour pressures of gel and ice at the interface multiplied by 
a constant.* 

The pressure A may be supposed to drive water on to the ice face through a 
Layer of gel of depth a proportional to the range ot molecular forces, against a 
(notional resistance tj. The velocity of ioe formation V will then be 



which, for small overcooling, may be put = C (flo — 0). 

The effect of an external pressure upon the internal and vapour pressures of a 
gel is not, so far as I am aware, known, but, save perhaps for very concentrated 
gels of gelatin in whioh all the water is absorbed with considerable evolution ol 


* H. A» Wilson, 1 Proa. Osmb. PUL Boo ,* voL 10, p. 29 (1288) 
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heat and contraction of volume, increase of pressure is certain to hare much 
the same effect as it has on water. Therefore, if both ioe and gel are subjected 
to an external pressure P instead of a pressure applied only to the ice, W ( will 
be increased, but not to the same extent as W*. Therefore, though F can atop 
ice formation, it will have to be much greater than A to do bo. 

The pressures A and F are the only ones which have to be considered if either 
ioe or gel, or both, are free from external constraint, as they would be, for 
example, if they were contained in a oylinder with fnotionleas walla open at 
one end This condition ib practically realised when a oylinder of gel enclosed 
in a test tube ia seeded at one end if the gel be dilute, because then its adhesion 
to the glass will be slight. This is the condition which obtained in Callow’s 
measurements of the velocity of ioe formation,* 

When both ice and gel are under external constraint, as they would be if they 
were enclosed in a ngid envelope, there is a third pressure it normal to the mss 
face and due to the expansion of water on freezing. This pressure will diminish 
the effective overcooling by lowering the freezing point until freezing ceases, 
when the ice phase will be in equilibrium with gel at the temperature 6 and the 
pressures P and «. 

When freezing occurs in the interior of the gel these conditions are realised, 
except that the interface is no longer plane and the rigid walls are replaced by 
the elastic mass of gel. Freezing must be stopped at some point by the elastio 
compression of the ice by the surrounding gel unless the latter is fractured, 
which it never seems to have been. As a matter of observation, with moderate 
overcooling freezing did start at only a few centres in the interior, and after a 
relatively short time ceased. 

When ioe forms from water the direct influenoe of the ice face may be supposed 
to end at the distance a measured along the normal. When it forms from gel, 
however, owing to the fact that the interface is impermeable or only slightly 
permeable to gelatin, a diffusion oohunn is formed beyond the limit a. 

Let us call the layer of depth a next to the ice M and the diffusion column N. 
The movement of water in the latter is due to a gradient in the internal pressure 
so that the velocity through any elementary layer is given by 


V 

" tei j 

when u is the frictional resistance reckoned at the layer. 


( 2 ) 


9 Loo. fld 
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The expression V = — differs from the similar expression for the freezing of 

water in two p&rturuIaiB; the quantity A is a function not only of the degree 
of overcooling and the pressures P and tt, but also of the concentration of 
gelatin in the layer M. This follows from the phase relatione found by Moran 
The resistance ttj also is a function of concentration as well as of the degTee of 
overcooling and pressure. 

The internal pressure of water in the gel W, is also a function of temperature, 
pressure and concentration; but the coefficient dWJix in eqnation (2) is either 
independent of temperature and pressures or is not the same function as the 
other quantities. 

This must not be taken to mean that if the magnitude of A is changed by, 
for example, a fall of temperature, the diffusion column N will not change It 
meana simply that if the gradient of concentration dc(dx be everywhere kept 
constant throughout N and the temperature or pressure alone changed, there is 
no evidenoe to show that the gradient of internal pressure will change. We 
may therefore assume that dW § jdz is a pure function of dcjdx> 

Let 6 0 — 0 be the overcooling, o' the concentration of gelatin in the layer M. 
We have then : 


, m-a) 

7) — F[(0 O — 0), d' , P, tt], 
dW t Jdc\ 

dx = J W 


(3) 

(4) 
(&> 


Let the efficiency of the diffusion column have its oLvioue meaning, namely, 
the rate at which water is brought to the layer M. It is easy to sec that the 
velocity of freezing will depend not only upon expression {1) but also upon the 
efficiency of the diffusion column It is also obvious that if one of the 
variables, temperature or pressure, be altered, the result will depend upon the 
rate of change of different processes such as the rate of addition of water to 
and of its removal from the layer M, it is therefore the second differentials 
taken with respect to time which arc of importance 
The intermittent character of the freezing is expressed algebraically by 
saying that <ZV jdt is not always positive. Moran's study of the phase relations 
shows that at these low temperatures it may even have a negative value. The 
value will be zero when the concentration of gel m layer M is high enough to be 
In equilibrium with the ice phase at the local temperature and pressure, but 
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expressions 1 and 2 show also that it may become sensibly zero if the quantity ij 
becomes large enough. 

Consider, for example, the effect of a sudden increase in the degree of over- 
oooling. The change would, by increasing i) t decrease the efficiency of the diffu¬ 
sion column It would also, if not too great, increase the rate of removal of 
water from the layer M and the result of the two processes would be a rapid 
rise in the concentration of the gel in M. 

The chief cause of accumulation of gelatin in the layer M with consequent 
rise of concentration is, however, the impermeability, or relatively slight 
permeability, of the interface to this substance It is easy to see that by reason 
of this impermeability a plane face of ice would not advance along a cylinder 
of gel at a constant rate. Callow (foe. ctf.), it is true, found the velocity of 
crystallisation to be remarkably constant, but what he observed was the rate 
of advance of the ends of rays of ice along a cylinder of gel seeded at one end 
and not the total ice formation. The gels he used were of low concentration 
and the overooolmg alight. Probably owing to the low concentration the 
growing points of the rays pushed aside the accumulated gelatin. The ice 
face also was curved and the efficiency of a diffusion oolumn is greater over a 
curved than over a plane surface. 

The quantity tj is an important one in the theory of freering. The form of 
the curve connecting the velocity of crystallisation with the degree of over- 
cooling is determined mainly by it H. A, Wilson* points out that in one- 
component systems the pressure term A increases more rapidly than ij for small 
overoooling, but when overcooling is great i) becomes bo large as to stop freezing. 

Id a single component system i\ is the pressure needed to drive unit mass 
of the fluid at unit velocity through itself. For a gel it Is the pressure needed 
to drive unit mass of water through the gel in layer M at unit velocity. In 
reckoning the quantity, however, regard must be had to the movement of the 
framework of the gel which the movement of the water brings about. Owing 
to the impermeability of the interface to gelatin, the internal pressure A is 
called upon actually to compress the framework, tj obviously is a more complex 
term than it is in single component systems, and in any complete analysis it 
would probably be necessary to express the frictional resistance by two terms* 

Since tj is taken to include the resistance of a Bohd framework built of enormous 
hydrated molecules of gelatin, it is likely to increase rapidly with fall of tem¬ 
perature ; it is therefore not a matter of surprise that, save in dilute gels 


* Lot. at. 
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containing much free water, freezing ceases at a very early stage when the 
overcoolmg is only as much as 19 9 . 

The framework of gels is not a purely passive structure, In some gels, such as those of 
dllca or fibrin, the framework spontaneously shrinks and water is expelled. Graham gave 
to this process the name synaeresis. Let us call the synaerens of such gels positive, In 
other gels lynaeresii is negative, up to a point—that Is to say, m contact with water such 
gab imbibe water aod Increase In volume A gel of gelatin has negative synaeresla. 

The sign of Its synaereeis must be an Important factor in the framing of a gel, as is obvious 
if dehydration and hydration are taken in two etagee Let the gel Ant lose water to the 
loe. If synaeresfs is positive, rehydration by absorption from neighbouring gel will be 
resisted, Synaeresls sots like an internal friction which may be very great. 

Over the range of concentrations we are considering the synaereeis of gelatin gel may be 
taken to be negative. Nothing Is known of the effect of temperature upon it, but the extra¬ 
ordinary rapidity with which water is reabsorbed on thawing shows that it can by no means 
be neglected. 

In any case the framework of a gel with no synaereeis is not one which offers no reels- 
taaoe to change of form, because synaereeis Is a measure only of the Intrinsic capacity for 
spontaneous change. 

The internal pressure of water W, in the layer M next the toe face is a function 
of the concentration o' of the gel in that layer, but for dilute gels in which some, 
of the water is “free 1 ' it will be independent of concentration, and become 
dependent only for more concentrated gels. The limit between dilate and 
Concentrated, however, is unknown, but Moran’s observations appear to fix it 
at about DO per oent. All the gels used in this enquiry were below that con¬ 
centration, but we cannot conclude that A was independent of concentration 
because the value referred to is the local concentration m the layer M at the 
face. All we oan aay is that it would be difficult or perhaps impossible for 
local accumulation of gelatin seriously to decrease the quantity W a when the 
concentration of the general mass of gel is very low, and this, no doubt, is one 
of the reasons why intermittent freezing was not found in very dilute gels. 

Two of the observed relations seem susceptible of Bimple explanation. The 
prepotency of the centres of crystallisation on the surface of a gel can be 
accounted for by the presence there of an insensible layer of very dilute solution, 
and to the absence of the normal pressure it ; and hhe separation of a solid 
solution in the interior within certain limits of concentration and tempera* 
ture is dne to the pressure it and the degree of overcoolmg, since Moran 
found pure ice deposited at — 5° on the surface only where tc = 0, but at 
lower temperatures pure ice was deposited on the surface and at the same 
lame, as his figures show, solid solution in the interior, and the only difference 
between surface and interior was that it was zero at the surface and had a 
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positive value in the interior. Ifj however, the specimen was removed from, 
say, — 11° to — 3°, pure ice was deposited in the interior about the spheres 
of solid solution. 

Freezing at a Spherical Surface —Let a sphere of the ice phase form inside 
a mass of gel large enough for the distribution to be symmetrical about its 
centre. The pressures at the surface of the sphere are A and (P + 7t), P is 
the atmospheric pressure. The pressure n gives rise in the gel to a radial 
pressure and a circumferential tension, both of which vary inversely with the 
cube of the radiUB. 

Since the internal pressure of water in the gel is increased by pressure, the 
effect of this distribution of radial pressure will be to decrease the steepness of 
the gradient of internal pressure of water in the diffusion column about the 
sphere of ice, so that, if the gradient of concentration remained unchanged, the 
effect of introducing the radial pressure would be to decrease the rate at which 
water moved to the ioe face, On the other hand, the velocity of the diffusing 
water through each shell required to keep the rate at which it arrives at the ice 
face constant varies inversely with the square of the radius. We therefore 
have as a consequence of the form of theBurfaceg two effects of opposite sign, 
that with the negative sign being some function of the inverse cube, and that 
with the positive sign varying with the inverse square of the radius. 

Whilst the ice phase is forming heat will be liberated at the surface of tbe 
sphere. If the quantity formed in unit time were constant, and loss of heat by 
radiation be neglected, the sphere would be at a constant temperature. If the 
rate of formation of ice varied about a mean value, the sphere would act as a 
reservoir of heat, so that oscillations of temperature due to variations of the rata * 
would decrease as its radius increased. 

The gradient of falling temperature about the sphere will have an important 
effect upon the efficiency of the diffusion column Let a given diffusion column 
at uniform temperature deliver water on to the ice face at a certain rate. Now 
let the external temperature be varied so that, whilst the temperature at the ice 
face remains constant, a gradient of temperature falling from the ice face outward 
is Bet up. The result will be to increase the fricional resistance v) everywhere 
except at the ice face. From geometry it is obvious that the gradient dr)}dr 
so produced about a spherical face will be greater than dr^/dx at a plane surface 
if the diffusiyity of the gel is the same. 

If the diflusjvity of the gel were very low, enough heat might accumulate in 
the sphere to stop freezing until some of it was dissipated. This possibility 
was explored. Mr. Adair was good enough to measure for me the effect of 
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concentration upon the diffusivity of the gel, and found it to be the same as 
that of still water over the range of concentration examined. 

Probably the most important effect of curvature of the ice face lies in its 
effect upon the redistribution of gelatin The framework of the gel is being 
pushed back by the ice face and is also retreating owing to the transference of 
water to the surface of the sphere. Therefore, when any shell in the gel 
expands from fj to r a , there will be motion of the molecules of gelatin both 
radially and tangentially Since the greater part of the gelatin is contained 
in a solid framework, the rate of redistribution will be rather that of a solid 
than of a fluid, therefore, unless the rate of ice formation is very low, low enough 
to permit of redistribution of the stresses, actual fracture of the structure is 
likely to occur. The microscope shows that fracture does occur Clefts in 
the gel appear about the ice face (figs 8 and 9) and, much more rarely, radial 
clefts appear as fine radial lines 

Moran found that gels in which the concentration was greater than 05 5 per 
cent, could not be made to freeze. His phase curve becomes horizontal at this 
concentration. From this he infers that at this concentration none of the water 
in the gel is available for freezing because it is bound chemically to the gelatin 
There is an alternative explanation It is stated in text books on colloids 
that the freezing point of water absorbed in swelling may be lowered as much 
at 100°. The statement has no particular significance unless it means that at, 
say,— 100° ice has been found to separate It is certain, however, that, in the 
strict sense of the word, the freezing point of water in gels of high concentration 
is lowered considerably At the same time the internal friction r\ increases as 
concentration increases and as temperature falls, it is possible, therefore, 
that freezing ceases at high concentrations because the lorces tending to form 
ice are not able to overcome the internal friction and that all the points on 
Moran’s curve are determined by this equation If this were the case, how¬ 
ever, since is of the nature of a friction, one would not expect the complete 
reversibility which he found 
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(Report to the Lubrication Committee, Department of Scientific and Industrial Research ) 
(Received Juno 11, 1926 ) 

Friction measures the tangential reaction at an interface to external forces, 
and certain relations to time, temperature, pressure and chemical constitution 
have been described in earlier papers It seemed worth while to examine the 
relations of the normal reaction, but nothing has been attempted beyond a 
preliminary survey of what has proved to be an interesting field. 

For the purposes of this paper the word adhesion means simply the normal 
forco needed to detach completely a cylinder from a plate Measurements 
of this force arc described in an interesting paper by Budgett,* which will be 
referred to later 

The difficulty in discovering the laws of adhesion lies in the fact that, when 
the lubncanL is fluid, anything between lero and a high value can be obtained 
by varying the time relation and the method of placing the cylinder and lubricant 
on the plate To get comparable values one has to seek out mechanically 
" corresponding ” states, to borrow the convenient notation of chemists One 
of these states is dealt with in this paper. 

Static friction, strictly speaking, is the tangential force per unit area which 
just fails to cause slipping It cannot be observed because, owing to the 
fallibility of our senses, a certain rate of slip enters into all observations What 
actually is observed m experiments upon static faction is the force which 
produces a certain tangential acceleration and it is noticeable that the acceler¬ 
ation vanes widely for different lubricants As a broad rule, it is high when 
the molecular weight of the lubricant, is low, and low (merely a gentle slide) 
when the molecular weight is high 

Let R 0 be the reaction to the traction just before slipping occurs, then the 
observed reaction is 

v might be called the velocity of release. 

As nothing exact is known of boundary conditions in kinetic friction we cannot 

• 1 Hoy Soe Proo A, voL Wl, p 25 (1911) 
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say whether Ho really does carry over from the static to the kinetic state It 
may, however, be worth while enquiring what happens if it does The second 
term on the right then becomes, with the sign changed, the force producing 
acceleration. 

Ro therefore (= minus the true static friction) would, on this assumption, be 
less than R (observed) for lubricants of low molecular weight, and the two, 
R and R 0| tend to equality as the molecular weight rises The enquiry cannot 
be carried further without more knowledge derived from experiment 

The fact that the observed static friction is independent of the quantity of 
lubricant on the plate, of whether the lubricant is solid or fluid, and of tem¬ 
perature withm the limits explored, is perhaps assurance that the observed value 
is very close to the limiting value No such assurance, however, is forthcoming 
for studies of adhesion It is difficult to settlo what exactly is being measured, 
save iu one group of caBce, namely, when a solid lubricant is employed, when the 
force needed to break the cylinder away from the plate without doubt measures 
the tensile strength of the joint, so that, though acceleration conies in as 
it does in static friction, the theoretical reaction is clear. 

Any value can be obtained for the odhesion produced by a fluid lubricant, lor 
any normal force given, time enough will, if it be sufficient to overcome the 
relatively alight resistance offered by the surface tension of the lubricant, lift 
the cylinder When the normal force reaches a certain value, however, the 
break away occurs instantaneously, and this is a true limiting value because any 
addition to the force fails bo alter the result. As it is a limiting \aluo, it is 
identifiable. It is not the only identifiable value, that given by solid lubricants, 
for example, m another. Under certain circumstances it becomes a corresponding 
value which wc will call Value A. 

Value A. 

Methods —Both cylinders and plates were ground t-o " optical " faces Earh 
cylinder, no matter of what material it was made, weighed 5*6 grammes, and 
had a diameter of I cm. A normal force was applied by a cord attached to the 
cylinder in such a way that the force was central, and led over a light pulley to 
a pan for carrying weights The normal force is the weight in the pan less the 
weight of the cylinder. The pressure between the faces was vaned by placing 
weights on the top of the cylinder, these weights, with that of the cylinder itself, 
are called the load Unfortunately it was necessary to remove the added weights 
before a measurement could be taken and, us adhesion decreases when the 
load is reduced, the recorded value is somewhat less than the true one The 
measurements were earned out in a chamber filled with clean dry air 
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The lubrioant waa added in one of two ways: a large pool was made on the 
plate and the cylinder then put into it, or the cylinder waa first pnt on the 
plate, a little fluid then placed touching its edge and, when fluid had oeased to 
be drawn underneath by capillary forces, and when therefore fluid waa visible 
all round the edge, more was added to form a large pool. 

G. I Taylor has calculated the rate of fall of a flat disc through fluid on to a 
flab plate and his equation shows that it would take infinite time to get within 
molecular distance of the plate * This equation is abundantly verified by these 
experiments. If sufficient time were allowed the cylinder placed in a pool 
would fall until its weight was borne by the Leslie pressure')' due to the 
attraction of the solid faces for the fluid. 

This equilibrium position can, however, be reached quickly by starting from 
the other end, that is to say, by placing the cylinder on the plate, and allowing 
the fluid to run underneath The capillary forces then are enormous and 
equilibrium is reached m a few seconds. Value A was taken always from this 
equilibrium position—is therefore the force needed to break the cylinder away 
instantaneously when the thickness of the layer of lubricant is such that the Leslie 
pressure carries the load For all the loads employed, this thickness includes 
hundreds, if not thousands, of molecules, as is proved by the fact that if the 
temperature be allowed to fall sufficiently to freeze the lubricant, and the 
cybnder be then broken away, the layer is found to be of sensible thickness 
to be measured m fractions of a millimetre rather than in p even for the 
heaviest loads employed. This alone is proof, if further proof be needed, that 
the attraction field of the solids modify the state of the Lubrioant throughout 
a layer many hundreds or thousands of molecules in thickness. 

The Latent Period is the interval which elapses between placing the cylinder 
in the pool, or forming the pool about it, and the time when adhesion attains a 
steady value It may be the time taken by the cylinder in falling or rising in 
the pool; or the tune occupied in the orientation of the molecules of the lubricant 
in the attraction fields of the solids When the cylinder is falling the Value 
increases, and the opposite when it rises. The latent period of orientation is 
always a period of increasing values J 

The latent period of orientation can be obtained by following the normal 


* 1 Boy. Soc. Proc.,' A, voL 10S, p 12 (1B20). 
f Loc. at 

% The latent period in friction is dismissed In 1 Roy. Soc. Proc.,' A, vol, 104, p, 20 (1023), 
end A, voL 108, p. 9 (1926). 
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procedure, namely, placing the cylinder m position and allowing the fluid to 
run under, The following values were obtained — 


Table 1 — Load 5 6 grammes 


Latent Period of Orientation 


Octane 

Lynlohesane 

p-Cymejie 

Methyl Ethyl Ketone 

Acetophenone 

CyclohexAnoup 

1-3 Methyl (’y(i)ohi"mnonp 

1-4 

Ethyl Alcohol 

Butyl 

OU>l 

ttemyl Ale ho hoi 

1 -2 Methyl Cyr lohexAnol 

1 -3 Cn'soi 

CarvacroJ 

Heptyhc Ac id 

Ouprylic ,, 


Mmutfls 

Viaeoarty 

t> 

0 OOfi 1 Hi 20 

0 

0 0080 

(l 


zo 

0 0042 at 20' 

20 


20 

0 02H0 tit 

20 


' 20 


j 20 

0 0108 .it 2J' 

i 20 

0 0200 Hi 21 

' 20 

0 072IS at 2.1 n 

1 

0 052H at 25 IJ 

•K) 


1 41) 

0 1878 nL 20' 

j 40 


; «n 

0 04J.7 nr 20 

1 M) 

1 

0 O57o fit 20 


It might be supposed that some part of this latent period was occupied by 
the flowing of fluid between the surfaces, but it must be remembered that the 
pool was not formed and the mens urem cut was not taken until fluid had ceased 
to he drawn in A similar latent period was also found in the study of friction. 

Octane, in which both ends of the carbon chain are alike, and the saturated 
ring compound cyclohexane, gave no latent period of orientation, that is 
to aay, the first value obtained was always the sain* as that found after an 
hour, no matter what the load might be Why paracymene should show 
no measurable polarity must be left to chemists to discuss. 

The latent periods of orientation for static friction of the three 8-carbon 
compounds are reproduced here for comparison Octane, none, Octyl alcohol, 
15 minutes, Caprykc acid, (10 minutes 

The latent period seemed to increase slightly with increase in load, but this 
might be due to Lhe defective experimental procedure which involved removal 
of added weights before a measurement could be taken, 

Paracymene was chosen for the study of the latent period due to rise or fall 
in the pool, because it gave no measurable latent period of orientation. A pool 
was flrat made on the glass plate, a steel cylinder placed in it, and after a known 
interval the force needed to detach it instantaneously was measured, Cylinder 
VOL. cxn.—A- » 
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and plate were then cleaned and another measurement made after a longer 
interval. In this way the curves were obtained for loads 6*0, 116-1, and 
260 ■ 6 grammes. The values of A for these loads—that is, the value which would 
have been reached had the cylinder had time to fall to its equilibrium position— 
are plotted at the end of the dotted lines It is obvious from the form of die 
curves that it would take a very long time to reach these steady values, these 
curves, therefore, are completely m accord with G-. I. Taylor's equation 



A relation of great theoretical importance which confirmed a similar relation 
found in the study of fnction was got by starting from the equilibrium condition 
and varying the load. 

Steel on glass . p-cymene, 

Load 269 a 6 grp. Loaded cylinder placed on the plate, fluid then run 
under, and a pool formed: 264 grs, then removed and reading taken after 
the interval shown in the first column. Force needed to detach in right-hand 
column. 
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As quickly as possible 
30 seconds 
60 „ 

90 

2 minutes 


3 

10 

30 


u 


15 * 2 grs = A for a load of 259 ■ 6 grs. 
7'5 H 
6-0 „ 

5-5 „ 

5 0 „ 

4 7 „ 

4-7 „ 

4 7 ,, = A for a load of 5 6 grs 


The figures are plotted in curve ABC\ fig 1. The cylinder moved from one 
equilibrium position to the other, rising m the pool, in 3 minutes. 

Cylinder in place, fluid run under as before and pool formed Load then 
increased from 5-6 to 259-G grs. and readings taken (curve DE, fig 1) -— 


As quickly as possible 
30 minutes .. 


60 

120 


it 

it 


4-7 grs. = A value for a load of 5 6 grs 

5 A ,, 

6 0 }1 


Value of A for load 259-6 grins, is 15 2 grs. If iz is the Leslie pressure, adJ 
P the normal pressure (load divided by area) the condition at the beginning of 

254 

the first case was P — tc =-— — 317 * 5 grs , aud of the second P — it = 

* 8 

-f 317-5 grs., why, then, should equilibrium be reached bo rapidly when the 
cylinder rose and bo exceedingly slowly when it fell ? The answer offered is 
the same as that given in the papers upon friction*—that when the cylinder 
rises fluid of low viscosity is drawn in, when it falls it presses out lubricant whose 
moleoulea are locked in place by the attraction fields of the solids. It is the 
difference between drawing in a light spirit and expressing a jelly. If this 
view be correct, the viscosity tj in G. I Taylor’s equation must be treated 
as a variable which is a function of time and the distance between the solid 
faces. 

The time taken for tho cylinder to rise to the top of the pool and break away 
depends, as might be expected, upon the normal force. For example — 


if 2 


* 1 Roy. Sot. Proc A, vol. 104, p. 27 (1929). 
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Octyl Alcohol. 

Steel cylinder placed on glass plate, the fluid then run under and a pool formed. 
Load 5 G grs. 


Normal Pull, 

Time 

0*4 gra. 

Bose slowly to top of pool in 30 seconds, 

2-4 „ 

Rose slowly and broke away in 23 seconds 

4*4 „ 

Broke away in 9 Beconds, 

6‘ 4 „ 

„ 5 „ 

9 4 „ 

ji » 2 ,, 

14*4 „ 

,, l second 

10 9 „ 

n jj 1 n 

121 2 „ 

f , n instantaneously.] 


The last of these is the A value 

With the help of a telescope magnifying 10 diameters, the rise of tbo cylinder 
was followed under small normal pulls It moves at first very slowly, but 
rapidly accelerates until the final break away ot curs The impression ia that 
of a pause followed by rapid movement At the. limiting value there is no 
apparent pause, and this gives the curious impression that there is no resistance 
on the part of the cylinder This apparent disappearance of resistance is 
characteristic of the A value and of great value in experiments by marking a 
sharp end point 

The A value probably is not a measure of the tensile strength of the lubricant. 
Worthington found the tensile strength of alcohol to be 8,165 grammes per 
square centimetre The A value for ethyl alcohol for a load of 5 6 grs. 
was only 9 grs per square centimetre The clastic give of the Iubncaut appears 
to be sufficient to allow of a tangential flow being established before rupture 
takes place The A value in that case is a measure of the viscosity of the 
lubricant, the time value being arbitrarily fixed by the condition “ instanta¬ 
neous,” This question can be more profitably pursued, however, when the 
adhesion produced by solid lubricants has been described 

Steady Values, 

The A value for a number of substances with different solids and loads 
are given in grammes in Table II The viscosity of the lubricant in mass at a 
temperature of 20° C is given in the second column, the figures being taken 
from various sources. In the third column are the loads m grammes. 

The value >110 means that the adhesion was higher than the apparatus 
would measure. 
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Table II.—Value A 


Temperature IS 5 eioept where 
mentioned 

Steel on 

Glue 

Steel dq 
Steel 

Copper 
on GUm 

Copper 
on Steel 

Copper 
cm Copper 


n 

L 

A 

A 

A 

A 

A 

Octane 

0 005 

fi 0 

1 2 

1 1 






US 1 

3 0 

2 8 






209 a 

3 0 

3 3 




Ethyl alcohol 

0 ooo 

3 fl 

7 2 

5 2 

2 7 

l 7 



110 1 

22 1 

14 2 

7 7 

4 7 




259 6 

33 0 

23 2 

12 2 

7 2 


Butyl alcohol 

0 024 

5 t) 

11 7 

9 7 


0 5 

3 7 


116 1 

30 2 







250 6 

42'0 





Undftcyl aloohol 

5 6 



20 2 


23 2 

20 2 

Octyl alcohol 

0 004 

5 6 

21 2 

18 7 


15 7 

130 


115 1 

44 0 

36 2 






259 H 

01 9 

50 0 




Heptylio acid 

0 043 1 

G 6 

12 7 






110 l 

50 0 







255 0 

54-0 





Caprylio acid 

0 0fl7 

fi 0 

25 9 

18-9 





115 1 

90 0 

73 9 






259 0 

>110 

07 0 




Gydoheaane 

0 009 

9 0 

3 7 

3 5 





115 1 

7 7 

7 4 






259 0 

11 7 

11 2 




Undeoane (51°) 


G a 


1 fi 




Nonadlaane (01°) 


fi‘0 


8 2 




Tetmooeane (01°) 


a e 


12 7 




Me Et Ketone 

0 004 

s a 

1 fi 

1 3 

1 0 





115 1 

3 0 

3 2 

2 7 





260 fi 

7 0 

fi-7 

4 0 



p-Cyoene 


a a 

4 7 

4 2 





115 1 

10-3 

0 2 






259 O 

15 2 

13 7 




Acetophenone 


fi 6 

4 2 

H 9 

3 5 




115-1 

8 0 

7 2 

6 8 





250 a 

12 7 

11 S 

10 2 



Cyoloheunona 

| 


9 0 

10 7 





I 

llfi 1 

25 2 

] 




1 


259 S 

31 2 





1-3 Methyl Cyolo- 


5 0 

17 >7 





heianone 


115 1 

20 9 







259 tt 

37 9 
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Table V—(continued). 


Temperature IS 0 oxoept where 
mentioned 


Steel Steel I Copper Copper Copper 
i Gian on Steel. | on Ghuw. on Steel, on Copper, 
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Effect of the Pressure —Static friction when both faces are plane increases 
with the pressure (that is load area) but not so fast as the pressure. When 
the latter reaches a certain value the friction varies with the pressure so that 
the coefficient \i (= tangential force load) becomes constant. This was 
attributed to the thinning of the layer of lubricant until a layer of great 
mechanical stability alone remained * 

In these experiments on adhesion it was not possible to reach the pressures 
found necessary to make \l independent of the load , all values, therefore, lie 
In the region of varying fi. 

The curves in fig 3 show that the coefficient a. (= A -+■ load) decreases as 



• ' Roy. Boo. Proo.,’ A, voL LOS, p, I (IMS). 
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the load increases, Whether it would become independent of the load at 
higher pressures must be left uncertain. 

Effect of the Nature of the Solid .—The value of A depends not only upon the 
chemical constitution of the lubricant but also upon that of the solids. The 
following order was always found glass ]> steel > copper 

In the case of friction the effect of a change in the nature of the solids 
was merely to shift the curve for p and molecular weight parallel to itself v 
and the curve for two different solids was half-way between the curves for each 
solid by itself.* These same relations seem to bold for the A value# as the 
curves m fig. 4 show. The equation for the coefficient a (A load) is 

a = - aM, 

where ns a function of the nature of the Bolid, the load, and the temperature, 
6 a function of the chemical senes, and M the molecular weight. 



The influence of the nature of the solid wall is so striking as to make it a matter 
of surprise that it is not taken into account in certain of the standard methods 
of measuring the viscosity of fluids. 

Effect of Molecular Weight. —The values for the normal alcohols and normal 
* 1 Roy. 8oc. Proa / A, vol 100, p. 003 (1921-32); 
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Fia 5 



The value for cetyl alcohol was calculated from measurements made at 51° 
and 70° by using t$ linear relation to temperature. Since these measurements 
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were made with steel on steel it was necessary to apply a correction to bring 
the value to that for steel on glass. The value plotted for cetyl alcohol is 
therefore for the fluid state 

Effect of Temperature .—The value of A for octyl and cetyl alcohols at different 
temperatures are given in Table III and plotted in the curves fig. 7. 


Table III. 


Tomp, 


Cylinder, 

Plate 

Lo*d fl-0 grs 

115 1 pa 


259 0 grfl- 


Ootyl Alcohol 


IB’ 

Steel 

Steel 

IN 

7 

36 2 

50 9 

i r 

Coppor 


19 

7 

26 3 

35-9 

3fi a 

Steel 


10 

9 

31 0 

45 0 

35° 

Copper 


12 

2 

22 2 

30-9 

sr 

Steel 

1 P 

12 

2 

27-9 

419 

51° 

7fl Q 

Copper 

Steel 

PP 

M 

9 

B 

2 

2 

1B'2 

2^7 

262 
34 9 

73° 

Copper 


4 

2 

13 2 

ID 7 


Oetjri AJoohoL 


5 r 

Steel 

Steel 

30-7 

30 

9 

78 e 

51° 

Copper 

ip 

26 7 

40 

9 

03 9 

75° 

Steel 

|p 

25-7 

50 

9 

71-9 

75° 

Copper 


22 2 

40 

9 

56-9 


It will be seen that the curves for different solids are parallel, but the position 
of the cur\e for the same solid vanes with the load The slope of the curves 
depends upon temperature and the load. The curves are linear. 

The equation therefore is 

A — a — (30, 

where a is a function o! the nature of the solid and the load and where (3 ib a 
function of temperature and load. 

These relations are similar to those found for friction m the comparable region 
where the pressure was not great enough bo make the coefficient of friction 
independent of the lo#d. When that coefficient is independent of the load it 
iB also independent of temperature * 


* ‘ Rby. Bos Proa.,' A, toL 188, p. 18 (1938), ud A, vol. W1.V 8S? (1833). 
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Summary 

1 Any force, if it be great enough to overcome the slight resistance offered 
by the surface tension of the lubricant, can hit a cylinder standing in a pool of 
lubrioant upon a plate, certain, values of adhesion are, however, identifiable, 
and one of these is the normal pull required to break the cylinder away 
instantaneously. Adhesion here means simply this normal pull 

2. In order that the value shall be comparable, cylinder, plate and lubricant 
must bo in a mechanically corresponding relation. One such is when the load 
id in equilibrium with the Leslie pressure. To the identifiable value for this 
corresponding state the name A value is given. 

3 The latent penod which elapses before this Btate is reached is due either 
to orientation of the molecules of the lubricant or to the cylinder rising or 
falling in the pool. 

4. The A value is a function of the chemical constitution of the lubricant 
and of the solids, of the load, and of temperature 
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Atomic States and Spectral Terms . 

By Prof, J. C McLennan, F R,S , Mr. A. B. McLay, M A., and Mr. H Grayson 
Smith , Ph D., University of Toronto. 

(Received June 24, 1926 ) 

Through the recent brilliant work of Pauli,* Heisenbergt and Hund} the 
foundations have been laid for the interpretation of spectra in terms of atomio 
states, and it appears that wc can now predict, almost with certainty, the 
structure and chief characteristics of any optical spectrum of the atom of any 
element when the extra-nuclear electronic configuration that gives rise to it is 
known. Conversely, if the characteristics of any optical spectrum of an atom 
be known, it is possible likewise definitely to describe the extra-nuclear 
electronic states of the atom involved in the production of such spectrum. 

The writers were engaged recently in a study of the optical spectra of a 
number of the elements, including manganese, gold, platinum and palladium, 
and by applying the ideas of Heisenberg and Huncl succeeded in unravelling 
the arc spectra of each of these elements, and also, in part, those of a number of 
other elements. In the course of this work we had the advantage of several 
consultations with Dr Laporte during a visit he very kindly made to the 
Physical Laboratory at Toronto, and wc wish to acknowledge here our 
appreciation of his help 

The present communications is intended primarily os an introduction 
to the papers that follow, dealing with the chief characteristics of optical 
spectra of the elements of gold and palladium. The main features of the 
theory expounded are wholly due to Heisenberg and Hund, and the paper in 
so far as it deals with these contains nothing original Certain details in the 
method of applying the theory appear to us to be novel, and have been found 
by us to be extremely helpful in dealing with complex spectra Some simpli¬ 
fications in the notation have also been introduced which seem to be desirable. 

During the study referred to above we found it of interest to seek to determine, 
if possible, the specific spectral term that corresponded to what, from the 

* Pauli, ‘ Zoit fttr Phya vd 31, p 765 (1025) 

t Heisenberg, ' Zeit Ittr Phy»voL 32, p 941 (1025). 

t Hund, 1 Zejfc fur Pliys / vol. 33. p 345 (1925). 

S We wish to note here that after this communication was prepared our attention 
was drawn to a paper by Fowler and H&rtrce in the ‘ Roy Soo. proc vol. Ill, p. 98 
(May, 1926), In whioh on outline ia given of the Hefaen berg-Hund theory. 
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experimental data then available, appeared to be the moat stable electronic 
configuration of the atom of each element, 

The results of this application of the Heisenbcrg-Hund method are given in 
Table I A similar table in slightly different form was published recently by 


Table I 
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Table I—(continued). 


Element 

At 

No 

Atomic 

Weight 

| Extra-Nuclear Electronic (tonliguratimiH 

Low oat 
Spectral 
Term, 

K 

1. 

>i 

L 

4 2. 

a 

M 

. 3, 3 a 

4 

N 

, 1. 

5,5, 

0 

5 a 5, 5j 

p 

fl, fl, fl a 8, fl„ fl. 

Q 

7| 7, 7 

Cb 

41 

03 5 


2 

2 

6 

2 

n io 

2 

6 4 

1 




■0/2BIS 

Mo 

42 

00 0 


2 

2 

6 

2 

6 10 

2 

6 fl 

1 




T Sa 

Ma 

43 



2 

2 

6 

2 

6 10 

2 

6 fl 

1 




a D|U04£ 

Ru 

44 

101 7 


2 

2 

0 

2 

n io 

2 

fl 7 

1 




‘Fima 

Rh 

45 

102 P 


2 

2 

0 

2 

0 10 

2 

0 8 

1 




*Faa« 

Pd 

4fl 

100 7 


2 

2 

(1 

2 

n iu 

•2 

fl 10 






Aff 

47 

107 H8 


2 

2 

6 

2 

6 10 

2 

fl 10 

1 




"Si 

Cd 

48 

112 40 


2 

2 

6 

2 

6 10 

2 

0 10 

2 




'So 

lu 

49 

114 a 


2 

2 

6 

2 

6 10 

2 

(J JO 

2 1 




"Pis 

Sn 


118 7 


2 

2 

6 

2 

0 10 

2 

U 10 

2 2 




"Pois 

Sb 

SI 

120 2 


2 

2 

0 

2 

OH 

2 

fl io 

2 3 




'St 

Te 

52 

127 5 


2 

2 

6 

2 

0 10 

2 


2 4 




"Poir 

X 

53 

126 02 


2 

2 

6 

2 

6 10 

2 

rt io 

2 5 




"Pi* 

Xo 

54 

IFFiTm 


2 

2 

0 

2 

tt 10 

2 

(1 10 

2 0 




'So 

Ca 

56 

132 81 


2 

2 

U 

2 

fl 10 

2 


2 fl 


1 


"Mi 

Bft 

ftfl 

137 37 


2 

2 

0 

2 

6 10 

2 

fl 10 

2 fl 


2 


l 8o 

La 

57 

139 0 


2 

2 

0 

2 

« 10 

2 

fl 10 

2 fl 

1 

2 


"Dun 

Ce 

58 

140 25 


2 

2 

6 

2 

6 10 

2 

fl 10 1 

2 (1 

1 

2 


■Hjm 

Pr 

56 

140 0 


2 

2 

6 

2 

0 10 

2 

fl 10 2 

2 6 

1 

2 



Nd 

00 

144 3 


2 

2 

0 

2 

0 10 

2 

0 10 3 

2 H 

1 

2 


# Lrj780H) 

11 

01 



2 

2 

0 

1 2 

6 10 

2 

fl 10 4 

2 fl 

1 

2 


"LJ07&O1O 

Sa 

02 

150 4 


2 

2 

6 

2 

6 10 

2 

(1 10 5 

2 0 

l 

2 


7 K|507BD1O 

Eu 

63 

152 0 


2 

2 

0 

2 

6 10 

2 

H 10 fl 

2 fl 

1 

2 


■Hf94&«7eo 

(W 

64 

157 3 


2 

2 

6 

2 

fl 10 

2 

0 10 7 

2 fl 

1 

2 


"Dgatfle 

Tb 

65 

159 2 


2 

2 

0 

2 

fl 10 

2 

fl io a 

2 fl 

1 

2 


"H lUJ4M7ft9 

I* 

66 

102*5 


2 

2 

0 

2 

6 10 

2 

6 10 6 

2 fl 

1 

2 


7 K4M7BfJ0 

Ho 

67 

103 5 


2 

2 

0 

2 

6 10 

2 

fl 10 10 

2 fl 

l 

2 


’Lifl7M/S 

Kr 

08 

107 4 


2 

2 

6 

2 

0 10 

2 

fl 10 11 

2 fl 

1 

2 


*Lfl7 3916 

Tu 

66 

168 5 


2 

2 

0 

2 

6 10 

2 

fl 10 12 

2 fl 

1 

2 


‘KB7M 

Yb 

70 

173 5 


2 

2 

0 

2 

fl 10 

2 

fl 10 13 

2 fl 

1 

2 


"Hiss 

Lu 

71 

175 0 


2 

2 

0 

2 

6 10 

2 

fl 10 u 

2 fl 

1 

2 


•On 

HI 

72 

17B 0 


2 

2 

0 

2 

0 10 

2 

fl 10 14 

2 6 

a 

2 


•Fm 

Ta 

73 

181 5 


2 

2 

0 

j 

6 10 

2 

fl 10 14 

2 fl 

3 

2 



W 

74 

184 0 


2 

2 

0 

2 

fl 10 

£ 

fl 10 14 

2 0 

4 

2 



Re 

75 



2 

2 

6 

2 

fl 10 

2 

fl 10 14 

2 fl 

5 

2 


■Si 

R* 

75 



2 

2 

0 

2 

fl 10 

2 

A 10 14 

2 fl 

fl 

1 


"OllUMJ 

Ob 

76 

190 0 


2 

2 

6 

£ 

fl 10 

2 

fl 10 14 

2 6 

U 

2 


’Dqiebj 

Ob 

m 



2 

2 

0 

2 

6 10 

2 

(J 10 14 

2 fl 

7 

1 


■FlEUff 

Ir 

77 : 

193 1 


a 

2 

0 

2 

fl 10 

a 

fl 10 li 

2 fl 

7 

2 


'Fno 

Ir 

77 



2 

2 

0 

2 

fl 10 

2 

fl 10 14 

2 fl 

8 

1 


*F 2B4J 

Pt 

78 1 

195 2 


2 

2 

0 

2 

6 10 

2 

fl 10 14 

2 fl 

8 

2 


'F234 

Pt 

78 



2 

2 

6 

2 

6 10 

2 

A 10 14 

2 fl 

9 

1 


"Olgj 

Pt 

78 



2 

2 

6 

2 

fl 10 

2 

fl 10 14 

2 fl : 

10 




A* 

79 ) 

197*2 


2 

2 

0 

2 

H 10 

2 

6 10 14 

2 fl 10 

I 


■Si 

Hg 

80 i 

KKI 6 

-1 

2 

2 

m 

2 

fl 10 

- 

2 

0 10 14 

2 fl ] 

10 

2 


'So 
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Element 

At 

No. 

Atomic 

Weight 






Extra-Nuclear Electronic Configurations 



Lowest 
Npri tral 
Term 

K 

h 

L 

2, 2, 

a. 

M 

3, 

3. 

4 t 

N 

4, *, *, 

0; 

O 

5, fl, 5j 


Hi 

(1| 

P 

fl, fl, 6, 11, 

U 

7*7.7, 

T1 

B1 

204 0 


2 

2 

6 

2 

6 

10 

2 

fl 10 14 

2 

6 10 


2 

L 



f P/i 

Pb 

sa 

307 2 


2 

2 

6 

2 

fl 

10 

2 

fl 10 14 

2 

fl 10 


2 

2 



"Pfl 12 

Hi 

66 

206 0 


2 

2 

6 

2 

0 

10 

2 

fl 10 14 

2 

fl 10 


2 

3 



4 Sj 

Pa 

64 

210 0 


2 

2 

0 

2 

6 

10 

2 

fl 10 14 

2 

fl 10 


2 

4 



■Pou 

Eka-Iod 

66 



2 

2 

0 

2 

0 

10 

2 

H 10 14 

2 

0 10 


2 

5 



■Pi* 

Bn 

66 

222-0 


2 

2 

6 

2 

6 

10 

2 

fl 10 14 

2 

fl 10 


2 

0 



l *U 


B7 



2 

2 

0 

2 

fl 

10 

2 

(1 10 14 

2 

fl 10 


2 

0 


1 

"Si 

Ha 

68 

220 0 


2 

2 

0 

2 

6 

10 

2 

fl 10 14 

2 

fl 10 


2 

0 


2 

*Hh 

Ac 

BO 

£27 0 


2 

2 

fl 

2 

6 

10 

2 

0 10 14 

2 

0 10 


2 

0 

1 

2 

“X)J i 

Tta 

90 

232 IS 


2 

2 

6 

2 

6 

10 

2 

fl 10 14 

2 

fl 10 

1 

2 

fl 

l 

2 

“H/, a 

Th 

90 



2 

2 

0 

2 

fl 

10 

2 

fl 10 14 

2 

fl 10 


2 

fl 

2 

2 

"Pm 

Ux 

ni 

230 0 


2 

2 

6 

2 

0 

10 

2 

fl 10 14 

2 

fl 10 

2 

2 

e 

1 

2 

■Kc-hio 

Ux 

91 



2 

2 

0 

2 

fl 

10 

2 

fl 10 14 

2 

fl 10 


2 

0 

3 

2 


Ur 

92 

236 2 


2 

2 

6 

2 

fl 

10 

2 

6 10 14 

2 

fl 10 

3 

2 

6 

1 

2 

6 Lfl7H0U) 

Ur 

92 



2 

2 

0 

2 

fl 

10 

2 

fl 10 14 

2 

fl 10 


2 

fl 

4 

2 

'<>01234 


Dr. PaulD. Foote* in a paper in the * Transaction* of the American Institute of 
Mining and Metallurgical Fjngineers/ In Dr Foote's paper the classification 
of the electronic orbits adopted was according to the scheme of Stonerf and 
Main Smith, J while in ours the classification is limited, it will be seen, to the 
Orbital types usually designated by ] 1 ; 2 lt 2 g , 3^ 3* 3 a , 4 X , 4 a , 4 3 , 4 4 , etc. 
In Dr, Foote a paper no details are given regarding the method by the use of 
which he obtained his results 

In order that the arguments presented in our papers on the spectra of gold and 
palladium may be apprehended more easily, we prop3se giving in what follows 
a few notes illustrating the manner in which we applied the method to obtain 
the results indicated in the table. It will be seen that in Note III. we have given 
full details of the determination of the basic terms involved in the structure of 
the arc spectrum of oxygen The manner in which these terms were found 
and the way they are arranged will serve to show how the basic terms of the 
arc spectrum of any element are evolved from the deepest terms in the first 
spark spectrum of Buch element. 

Since Table I was formulated its validity has been confirmed by experimental 

* Paul Foote, ' Tram of the Am. Inst, of Mining and Metal. Eng,/ p. 1, No. 1047 D 
(February, 1026). 

t Stoner, *PhiL Mag./ vol. 46, p. 710 (1024) 

} Mfln Smith, 1 Chemistry and Atomic Structure,’ Van Noetraod (1024). 
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data obtained by different investigators with a number of element! In no 
rase as yet, in so far as we arc aware, has the type of the fundamental term 
recorded m the table for aDy element been found to be incorrect 

The only features of the table about which there is n lack of complete definite¬ 
ness is in connection with the elements, Thorium, Uranium X and Uranium, 
and in connection with the group Rhenium, Osmium, Indium and Platinum. 

Alternative “ deepest ” terms are given for each of the three elements, 
Thonum, Uranium X and Uranium, based (1) on t-hc assumption that these 
elements are, respectively, humulogues of Hafnium, Tantalum and Tungsten, 
and (2) on the assumption that they are homologues of Cerium, Praseodymium 
and Neodymium respectively Which of these alternatives is the correct one 
wdl probably be ascertained shortly from i\ study of the are spectrum of either 
Thorium or Uranium As regards each of the other four elements experiment 
must decide which of the configurations given in the table ih the most stable one 
The table, it will be seen, gives only the deepest term involved in the structure 
of the arc spectrum of an element, but in the case of many of the elements tho 
deepest terms involved in their successive spark spectra are given by the result 
recorded in the table for each of the elements lighter than and immediately 
successively preceding the one under consideration, 

in cases where the fundamental term involved in the structure of any spark 
spectrum of an element is not directly obtainable from the table, it can be found 
quite easily by the application of the same method as that Used in working out 
the fundamental term of the arc spectrum of the element. 

Without going into any theoretical development, it will suffice to give here a 
few rules on which the method of determining the lowest spectral terms involved 
in the structure of the arc spectrum or in that of auy spark spectrum of the 
atom of an element is based 

fiuks. 

1 Orbit types are to be considered as defined by tho total, and azimuthal 
quantum numbers n and k respectively. For purposes of calculation in con¬ 
nection with spectral term determination the quantum number tl j” usually 
designated as “ inner,” is to be considered as the vector sum of two subsidiary 
quantum numbers j a and j s It is necessary also in some cases to take into 
consideration the effect of the orientation of orbits with respect to an imaginary 
small magnetic field, and such orientation involves a fourth quantum number 
m, which in turn is itself composite and is equal to the vector sum of two sub- 
subsidiary quantum numbers m a and m a , 

‘2 Spectral terms are to be designated in tho usual way as follows :—S, P, D, 
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F, 0, H, J, K, L, M, N, 0, P, Q . . . corresponding to tbo values 1, 2, 3, 4, 5, 
0, 7, 8, 9, 10, 11, 12, 13, 14, . . * (or a spectral term quantum number denoted 
by “ 1 ” The manner in which “ l ” can be evaluated in any selected case is 
illustrated in the examples given later in this paper. 

3 The quantum numbers j a and J t are given respectively by j M — I — 1 


and j , 


where I is the quantum number referred to in Rule 2, and 


r signifies the multiplicity involved The number m a is to be considered os 
having the following values - j. — 1, j a — 2. - (j a — 2), - (j fl — 1), 

— j a , and the number wi, the values ) ti j,— 1, j, — 2 . — — 2), 

— 0, — 1)j — 0i). The possible j values associated with a term of any multi¬ 

plicity are given by the j M and j a , corresponding to the term with 
j mat. ^j a + i,andj min = - j t or j, -j a 

4. A single electron by itself is to be considered as possessing intrinsically, 
when occupying an orbit, a doublet character a feature that is marked by 
assigning to its corresponding spectral term the multiplicity r = 2, which gives 
3,=-- l The designation of such corresponding spectral term is determined 
by the quantum number " l, M whose numerical value m such a case is that of 
the orbit quantum number “ k ir that defines the type of orbit in which the 
electron under consideration revolves. 

5. No two electrons can occupy identical orbits. If the orbits of two electrons 
should be characterised by the same values of the quantum Dumbcrs n and A, 
both the associated quantum numbers m a and m, cannot have the same values 
for the two orbits. 

6. In determining the energy states (and corresponding term values) for an 
atom we must take into consideration the resultant effect of all the extra 
nuclear electrons of the atom in question. 

7. If the total number of electrons that can occupy an orbit type, characterised 
by the same total and azimuthal quantum numbers n and A, be N, the number 
N is given by N = 2 (2A — 1). Such a number is 2 for an orbit of the type, 
and 0, 10, 14 for orbits of the n 2 , « s , n 4 .. types respectively. 

6 If there are X electrons occupying orbits having the same n and A (equi¬ 
valent orbits so-called) where X i N, the resultant action of X electrons is 
equivalent to that of N — X electrons, so that the resultant term types will be 
the same in both cases. 


9 If the number of electrons in equivalent orbits is X and if X 3 ^ 

the components of any one of the resultant terms will be in the normal order— 
VOL CXIl —A. G 



B2 


J, C. McLennan, A, B. McLay and H. O. Smith, 


that is, the component with the smallest “j ” value will be the 11 deepest.' 1 


But if X >5 
2 


the term components will be inverted, t e, t the component with 


the largest " j ” value Will be the “ deepest ." 

. 10, By Buie 8 it can be shown that the resultant action of N electrons in 
equivalent orbits, te, orbits having the same value for “ n '* and “ k," is 
equal to that of no electrons Therefore, if an orbit type has its complete quota 
of electrons given by N and forms part of a given election configuration of an 
atom, it can bo neglected when deriving term types corresponding to that 
configuration 

11. If in a group of terms that result from a given electron configuration 
there are terms having the same 11 1 ” values but with different multiplicities, 
the one with the highest multiplicity will be the " deepest/ 1 For example, if 
in such a group there is a 4 F term and a 2 F term, the 4 F term will be deeper than 
the a F term 

12. If in a group of terms that result from a given electron configuration 
there are terms of the same multiplicity, but with different values of " 1," that 
with the highest " l ” value will be the deepest. For example, a 4 F term will be 
deeper than a 4 D term, a 4 D deeper than a 4 P, and a 4 P deeper than a *8 term 

13. If rh fl and in, represent the resultants of the m a and w t values arising from 
a set of electron orbits characterised by the same “ n " and “ k, n then tn a will 
be considered as given by iu m = Zw a and in, by in, = Em, 

14. The multiplicities of the spectral term system of an element are either all 
even or all odd. 

Procedure. 


In order to show how the results given in the table were obtained, and also 
to make clear the procedure to be followed in determining the term type corre¬ 
sponding to a given electron configuration, wc append herewith a lew illustrative 
notes. 

Note I Carbon .—Iu the case of carbon the orbits lj and are full The 
lowest spectral term must therefore be determined by the electrons in the 2 t 
orbits. 

For the spectral term corresponding to each of these electrons r^2, therefore 
j, = i and j m = I — 1 = k — 1 = 1. Consequently w„ *= fc, — \ and w a = I, 
0,-1. But the two electrons cannot have the same m, and also the same m tt , 
bo that we have the following six possibilities *— 

- i 1 i -i -I 

m. = 1 0 -1 10 1 
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By adding the above values of m, and wi a in pairs we can obtain in all fifteen 
values of m, and tn fl . These are as follows.— 

m, 1 1 0 0 0 1 0 0 0 0 0 0 -1 -1 -1 

m . 1 0 2 1 0 -1 1 0 -1 0 -1 -2 1 0 -1 

and they can be arranged in three groups as follows — 

I, IT 111. 

m. 0 1 1 1 0 0 0 -1 -1 -1 0 0 0 0 0 

m. 0, 10-110-110-1, 210-1-2 

» e s we have the following types represented — 
rn, m a 

i. 0 0 J.= a r = M = i % 

II. 1,0, -1 1,0, -1 , j, = l ^^1 r= 3,1 = 2 3 Pou 

III. 0 2,1,0, —1, —2 . ■ = 0 j fl = 2 r = M = 3 - l D, 

i e., there are three possible types for the lowest term involved in the carbon arc 
spectrum, namely, a singlet S, a singlet D, and a triplet P. According to Rules 
11 and 12, B P is the lowest term, since it has the highest multiplicity, is the 
next lowest, and 1 S next. As the inner quantum numbers,/ for a triplet P term 
are 0, 1, 2, and as X, i e, 2, ih <N/2 i e , < 3, it follows that *P 0 is the deepest 
component. The lowest term involved in the carbon arc spectrum is therefore 
"Poui the figures in italics giving the deepest component. This rcBult, it may 
be stated, is a prediction and has yet to be verified experimentally 

In the case of one 2, electron orbit and one 3^orbit, where the value of each 
k is 2, aqd consequently by Rule 4 each f is 2, our problem is to combine two e P 
terms, and the procedure is as follows — 

m' a -= 1, 0, —1 m\ — f 

« /# . - 1, 0, -1 - i, 

By addition, taking two values at n time, we have then the following 
possibilities:— 

= 2 1 

1 0 


i* »Ja = 0. I and 2 . ■ Z = 1,2,3 
3. = 0, 1 , r — 13 

g 2 



0 


-1 
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The term types involved are therefore 

% f P x J R a 

®Sl a Poi* 3 ^HS 

which differs from the case of all the electrons being in equivalent orbits in that 
the terms *8, a D, S P arc retained. 

This last result might have been obtained more simply by using the vector 
magnitudes j a andy, directly, for we have for the two 2 P termB 

/. * 1 /.= * 
y\ = i _ /'.= * 

,I fl max =» 2J 0 min — 0 or J, = 0, 1, 2 ■. 1 = i, 2, 3 
J, max = 1J P min. = 0 or J, = 0, 1 r = I, 3 
The term types involved are therefore 

% ‘P, J D 1 
■Bi a Pou 

Note II. Nitrogen .—With nitrogen the lowest spectral term must bo 
determined by the three electrons in the 2 t orbitB. 

With nitrogen, as with carbon, we have the following possible combinations for 
m, and m a :— 

(a) (b) (c) (d) (e) (f) 

w. \ 1 1-4-1 -* 

m. 10-110-1 
Our problem id ‘ In how many w^ays can we combine these sir sets of corre¬ 
sponding values of m, and m H , taking three sets at a time. Clearly the number 


i 6, 5, 4 

oIwa y e]9 _t_ 

= 20, and they are the following 

abc 

acd 

ado 

abd 

ace 

adf 

a be 

acf 


abf 



bed 

bde 

bef 

bee 

bdt 


bef 



edc 

cef 


edi 



def 





Atomic States and Spectral Terms . 85 

These give the following three groups of values for m, and — 


I. 

ii. 

III 

m. i -1 

i -1 3/2, 1/2, 

-l 

1,0, —l 

to 

© 

1 

J — 1 

1 

to 

0 

Group I gives J, — 4 

r = 2 

the term 


«T* = i 

. 1 =2 


Group 11 gives J, = 4 

. r = 2 

■. the term *D a3 


— 2 

■ l =3 



Group III gives J, “ 3/2 ■ r = 4 

.* the term 4 8 a 

J„ = 0 

The deepest term jn the spectral system of nitrogen I is 4 S af the next 
deepest is 2 D aa , and the next to that is a P la . If, however, we should have two 
electrons in 2 a orbit and one in a 3 2 , ft 4 2 or a 5 4 , etc , orbit, the following is 
the procedure to follow — 

Two electrons in a 2 a orbit give us the terms 8 P 012j l $ 0 . One electron in 

a 4 a orbit giveB us the tcnn B P] 2 We must therefore find the result of combining 
separately a P I2 with each of the terms a P 0J2 , l D t and l S 0 This is worked out 
in the following manner — 

Combination. 



j, max. = 3/2 . r max 
j, min =1/2 ' r nun 


= 4 

= 2 or r = 2 or 4 by Rule 14. 


*P 


is 


fj* — 4 

\j =1 


r f = 3 

7a nun = 0 J 


The term types involved are therefore 

‘Dual 4 P„, ‘S, 
“Dm “Pi. ‘8, 


M 

■j. = 0 

■J. = 2 

j, max. = 

r = 2 

j, min. — 

« / 

‘ 3. = 1 

j fl max, = 3^ , a 

■M 

r ■' ^ — 2, 3 ? 4 

‘■J. = 1 

7 # min = l J 
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The term types involved are 

a P» 

III 




E F* 


ln f J, = o 

j, max = 

'SOK 


l,. = 0 

Ji mm- = 


j 9 max — 


j a min. — 




or the typo of term involved is a Pj! 

An important feature is brought out by the calculations juBt given, namely, 
that the &tg spectrum of mtrogen involves spectral terms that can be resolved 
into three groups, each of which originates in a special type of term that is 
repreBentative of the carbon hke singly charged nitrogen ion This is a feature 
that applies generally in working out the term systems for atoms of nearly all 
elements A second feature that is brought out by the calculation is that the 
term types obtained are the same when the outermost electron of the mtrogen 
atom is in any one of the 3 t , 4 a . . . n % orbits. This feature is the one that 
provides for the existence of spectral series and series terms. 

Note III. Oxygen 'With oxygen the lowest spectral term will be deter¬ 
mined by the four electrons in the 2 2 orbits 

For possible combinations we again have 

M (b) (c) (<1) (<■•) (0 

m . - 1 1 1-1 -1 -1 

m. ■= 1 0-1 1 0-1 


and our problem is to combine the correspond lug values of m, and i e t 

a, b, c, d, e, f, in as many ways as possible taking four at a time, i e , 

= 15, and to obtain possible values for m a and m a . These combinations 

are as follows :— 


abed 

aede 

abce 

aedf 

abef 


bode 

beef 

bedf 

bdef 

abde 

abef 

abdf 

acef 
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These groupings give us for m B and m Q the following :— 


J. 

ii. 

III. 

0 0 

0 0 0 0 

I 1 1 0 0 0—1—1—1 

0 2 

I 0-1-2 

1 0-1 I 0-1 1 0 —I 

Group I gives 

3.-0 

T ’ J_ the term 1 8 0 


)• = 0 

l - lJ 

Group 11 gives 

j. = 0 

r the term 3 D a 


J. — 2 

l - J / 

Group III gives 

3. = i 

r ^ V* the term 3 P U1B 


3.-i 

2* 


01 the three terms hSo, U) B , 4 P 0 | S we see by Rules 11 and 12 that the deepest 
is 8 Pou, the next deepest and the next to that ‘Sq 

\r 

Further, since the number of electrons in 2„ orbits is 4 P t,e. f > — or > 3, 

2 

we see that the usual order by Rule 9 is inverted, and of the components of the 
term 3 P that with the largest,; value is the deepest, namely, 3 P a ; the deepest 
term with our system of designation is then 3 P 01 *. 

The complete spectral term scheme for oxygen as it has been built up from 
the three fundamental terms of nitrogen, *S a , a O a3 and a P 14 is given in Table IT. 

Table II. 

Nitrogen 

n* 1, 2, 2 1 J t J„ J a Trrmii 






2 

2 J — — 

— a H, 


* 1 ) 

13 

a Pn 



Oxygen 

A 1 

11 

n s 1 | 

2 i 

2 B 3 j 

3 , 

3 . 

Terms j 

«t li 

2 , 

2 , 

3 | 

■*i 


Terms 

2 

2 

3 — 

_ 

__ 

a «. 

2 

2 

3 

__ 


a t > >8 


2 

2 

i — 

— 

— 

X,. 

2 

2 

4 

— 

— — 

’Di 


2 

2 

3 1 

— 

— 

■N, J S 

2 

2 

3 

1 

— 


‘»i 

2 

2 

a — 

1 

— 

’Piia *^oii 

2 

2 

3 

— 

1 — 


"Jhu , Pon 

2 

2 

3 — 

— 

1 

# t>im 






l F. 








2 

•i 

3 

— 

— 1 

HJa,. 

'^■i« '^lis 












•Fp.. 

"Si 'G. 













4 D| % % 



BB 
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Table II.—(continued.) 



These terms are all shown graphically- in fig, 1, From this diagram it will be 
seen that the Triplet-Quintet scheme of terms A includes practically all of the 


Flo 
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known write lines in the spectrum of atomic oxygen. The single-triplet 
schemes B and C, however, provide systems of levels for two groups of senes 
lines whose possible existence has not been suspected hitherto. It has been 
suggested by one of the writers that the Auroral Green line X 5577 1 3D A may 
find its place in one or other of the term schemes B and G set forth above. It 
is possible, too, that some spectral lines hitherto unidentified and others assigned 
to so-called " coronium ” or to so-called 14 nebulium ” may ultimately be 
identified as originating in the term schemes provided jn B and C or in similar 
schemes of terms that can be worked out for nitrogen or others of the elements. 

The method by which the terms m A, B and C have been worked out will be 
seen from the following three examples :— 

Scheme A (see last row). 

Combine the terms *S a and 2 D Z3 . 

"We have 4 8 2 , giving j a = 0 j a max — ’2 

j. — 3/2 j. nun. 2 U 
2 D 23 , giving j„ - 2 j, max. .= 2 

j, =- 1 ami 2, 

J, “ i J. «• • 

■ l = J and r — 3 and 5. 

• the terms 5 D, 2s4 and 8 L>i 8ai 
Scheme B (see last row) 

Combine tho terms a D H and 2 D 28 , 


Wc have 2 D 23i giving j m ^ 3 
2 D.u, giving j. = 2 

j . = l 

’ the terms 


Jn max — 4^ 

j a mm — o/ ° 


^ 01234 


Ja I***- 

J. 



a ^j46 9 ^ma a Poia a ^i 

JFj !D a >P, 8 S 0 


Scheme (J (uec last tow) 
Combine with a l) 2a 
We have J P ]2 , giving j Q = 1 
J.= b 


Ja 

Ja 


max. = 3^ 
min. = 1 J 


1, % *3 


.■ 12345 


■ t = J and 1 


I - 2, 3, 


4 


givmgj 0 -=2 

Ja = 4 


J, max 
j, min. 
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The Urns are therefore 

a Diaa B Pon 

V. l D a 1 P, 

n t lj 2 Y 2 a 

Note IV. Neon ,—Here we have the configuration 

2 , 2 , 0 


For each of the tux 2% electron orbits the corresponding spectral term is 2 P lg _ 
2 P jg gives .7,-1 w ( = 1 0 - 1 

J. “ 1 = 1 - i 


or 


*■ 

m. 


1 

J From m a = 0 we have j m = 0 

. . 1 = 1 

0 

4 


- 1 

1 m, = 0 j. — 0 

\ r = 1 

1 

~ 1 


0 

- 1 


- 1 

- 4 



= 0 m 9 = 0 


i e , the lowest term involved in the neon spectrum is a singlet 8 term. 

This is a result that recently received a remarkable verification through 
the investigations of Hertz * 

Note V. Titanium t Nickel, Zirconium , Hafnium and possibly Thorium — 
With these five elements the lowest spectral term is determined by two n * 
electron orbits That this is bo will be seen from the following table :— 


n*. j 

li | 

2. 

2, | 

| Ji 3, 

3, 

4, 

4. h 4, 

3. 

5, 

5» 5i '^a 

a, 


0. « i 0 S 0, 

7, 

Titan mm 


2 

2 

rt 

2 

tt 

2 

2 

_ _ — 

_ 


J 

_ 

_ 

_ 

. _ 

Nidtel 


2 

2 

(1 

2 

d 

* 

2 

- - - 

- 


- 

- 

- 

- 

- - 

Zirconium 

, i 

2 

2 

« 

2 

t) 

in 

2 

0 2- 

2 

- 

- 

- 

- 

- - 

- - 

fitftuum 

_i= 

2 

2 

0 

2 

6 

10 

2 

fl 10 14 

2 

0 

2 - - 

2 

- 

- - - - 

- 

Thorium f 


2 

2 

6 

2 

0 

10 

2 

6 10 14 

2 

6 10 - - 

2 

ft 

2 - - 

2 , 


To determine the term corresponding to the combination of an n\ orbit 
and an n* a orbit where n' in not equal to «*, we may proceed as follows — 


Hertz, ‘ Zeit. far Phya vqJ. 32, p. 033 (1025). 
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For an ti s orbit we have the doublet term a D B3 and are therefore required 
to combine two *D aa terms 

a D aa ?ivesj fl = 2 j a max. = 4 

.■ 1 = 12345 

J, = i U = 0 
a D ga Rives j a = 2 j, max = 1 

■ ' ■ r = 1 or 3. 

j, j ( min =0 

The resultant terms are therefore ®G, 3 F, 3 I), a P, a S and *G, 1 F, A D, l P, 1 S. 
Certain limitations are imposed, however, when n' 3 — n" 3 *=s 4 a for example, 
and to find these, as we have seen beforej it is necessary to take into account 
the quantum numbers m 0 and m. 

Since = 2 it follows that rn„ = 2 10 —1 —2 and 

since J, ii wi p -- -fi — J from which we have 

»*,-i i i i i -i -i -i 

m . — 2 1 0 — 1—2 2 1 0 - 1-2 


There are 4D ways in which we can select two out. of the ten sets of values 
for w, and m a and these give for m t and jn 0 the following groups of values 


I. Ii. III. IV. V. 

m , 0 1 , 0 , -1 1 , 0,-1 0 0 

m a 43210 -1 -2 -3 -4 3210 -1 -2 -3 1, 0, -1 210 -1 -2 0 

Group I gives j t = 0 - ’ • r ~ 1 

j* = 4 '- 1=5 

Group II gives j t — 1 - - r — 1 

j a = 3 • * l = 4 
Group III gives j, = 1 . ■ r — 3 

U =- 1 ■ * I = 2 
Group IV gives j t = 0 r — 1 

*./ = 3 

Group V gives J, — 0 • • r = 1 


the corresponding term is *G|. 

the corresponding term is 8 F H4 

■ the corresponding term is s Poi 2 

the corresponding term is *D a 

the corresponding term is l 8 0 . 


= 0 l = 1 
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We see, then, that with two n B orbits we may have one or other of the spectral 
terms a F a P J G 1 8, of which B F is the deepest In the case of Titanium, 
Zirconium, Hafnium and Thorium the component of 8 F that ib deepest is 
8 F«, while with Nickel it is a F 4 . This follows from Rule 9. 

Note VI. Neodymium, Uranium and Tungsten .—In order to find the lowest 
term in the arc spectrum of Neodymium and possibly also of Uranium, wc must 
find the resultant spectral term corresponding to a combination of three 4* 
orbits and one 5^ orbit 

To do this we must first of all find the deepest spectral term corresponding 
to three 4 4 orbits, In all, there are 14 types of 4 4 orbits and of these wc can 

select three at a time in ^ ^ ~ = 364 ways, 

I it o * 

To a 4, orbit there corresponds the term a F„ and a F ai gives 

j. = 3 

for Mg and m a we have the following seta of values — 

*. - 1 1 1 i 1 i 1 -i -i -1 -1 -1 -1 -1 

m.= 3 i 1 0 -1 -2 -3 3 3 10-1 -2 -3 

By inspection we sec on considering these pairs of vulues in groups of three 
that the highest multiplicity involved is given by w, = 3/2 with the corre¬ 
sponding value of m a given by iri a =■ 6. This shows that the deepest term 
three 4 4 orbits can give rise to is a quartet J. t e , 

The complete list of terms that corresponds to three 4| orbits we have found 
to be 4 J, *G, ‘F, ‘D, % *K, *J, *H, a H, *0, Hi, a F, *F, a D, *D, a P, with 

•Jana the deepest 

We must now combine the term 4 J with a term 2 D ag and we have 
*J or ), - j ), max. ^ 2 

•' • r -= 3 and B 

j, = 0 j, min. = 1 

*JJ or j, = \ j, max = 8 

. . i — 5 C 7 8 9. 

U “■ - J- = 4 

The corresponding terms are therefore S L, 3 K, b J, ft H, H5 and *L, 3 K, 11 J, 
a H, H3, and of these the deepest by Rule 9 is 5 L. Of its five components 5 L* 
is the deepest, which agrees with the term designation given for Neodymium 
in the table, namely, b Ih?mio. This type of term may possibly turn out 
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to be the lowest involved in the structure of the arc spectrum of Uraniilm 
as well, but certain considerations lead one to the view that with Uranium the 
lowest term Bhould be the same as that involved in the structure of the arc 
spectrum of Tungsten, namely, s D OT g 3 « This it can be easily shown is 
the term equivalent of four orbits and is obtained by combining four E D e j 
terms Reverting to the case of Neodymium it may be stated that we found 
that the complete list of terms resulting from a combination of a term e Du 
with each of the terms 4 J, 4 G, *F, *D, 4 S, ®L, 2 K, a J, 2 H, a H, S G, “0, a F, J F, 
a D, E D, a P, numbers 158. It is given in Table III. 

Table III —Lowest Terms involved in the Structure of the Neodymium 


Arc Spectrum 


I 

"L 

■K 

■J 

■H 

»G 

11 

■J 

*H 

>0 

6 F 

■D 

III 

•H 

Hi 

ip 

■D 

■P 


•L 

■K 

■J 

■H 

■0 


"J 


>G 

■F 

■D 


a H 

»G 

■F 

■D 

■P 

LV 

Hi 

■F 

•D 

‘P 

"S 1 

V 

fl D 





VI 

"N 


■L 

■K 

■J 


■0 

*F 

■D 

>P 

■8 


■D 








*L 

»K 


VI l 

■M 

■L 

a K 

>T 

*H 

VIII 

a L 

■K 

■J 

a H 

*0 

IX 

■tt 

"J 

■H 

Hi 

■F 



■L 

*K 


■H 


»L 

*K 

*J 

!H 

*G 


»K 

U 

4 H 

■G 

L F 

X 

■K 

■J 


■G 

■F 

XI 

“J 

■H 

HJ 

■F 

>D 

XII 

•G 

»F 

*D 

■P 

■H 


*K 

'J 

>H 

*G 

if 




Hi 

iF 

!D 


|Q 

ip 


ip 


XIII 

■H 

■G 

B F 

■D 

■P 

XIV 

■H 

■G 

a F 

»D 

■P 

XV 

“G 

"F 

■D 

*P 

■8 


>H 



l D 

*P 



Hi 

iF 

*D 

IP 


Hi 

ip 

'D 

■P 

<8 

XVI 

■G 

■F 

■1) 

■P 

■8 

XVII 

■F 

■D 

■P 










*G 

iF 


»P 

J S 


l F 

ID 

■P 










With such a number of 11 deep ” terms available, it is easily seen that 
Neodymium should possess an arc spectrum of great complexity. 

From the illustrations given above the method of determining the type of 
BpeLtral term that corresponds to any selected configuration for the electronic 
orbits of an atom will be evident. The experimental data still required to 
completely test the validity of the scheme as set forth are not extensive and 
are likely to be forthcoming soon. With the validity of the scheme of orbits 
set forth in Table I established, we shall be in the position of being able to 
predict all optical spectra including both the arc and the spark spectra of the 
atoms of all the elements We shall be able also to make some progress in 
the determination of the characteristics of the speotra of atoms of hypothetical 
elements heavier than Uranium, 

We desire to state here that one of us (A. B McLay) was enabled to 
collaborate in the investigation leading up to this communication through 
the award to him of a fellowship by the National Research Council of Canada. 
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On the Structure of the Arc Spectrum of Gold. 

By Prof. J, C. McLenkan, F.R 9 , and A. B. McLav, M A 

(Received June 10, 1926 ) 

I. Introduction. 

Thu first successful attempt to find senes relationships among wave-lengths 
of the gold arc Bpectrum was that made by Thorsen* in 1923 In his paper he 
classified two sets of wave-lengths into a sharp and a diffuse subordinate doublet 
senes, the first pair of the sharp senes providing the first pair of the corre¬ 
sponding principal doublet series Jn a comm uni cabionf by us a year ago some 
absorption experiments were described that were carried out with the normal 
vapour of gold in the quartz and fluorite spectral regions In this communica¬ 
tion it was shown that we confirmed Thorsen's selection of the first pair of the 
principal senes, and that we Were able to extend this senes bo as to include 
the second pair as well. In addition, two other interesting features of the spectral 
structure were pointed out that at the time were not completely understood. 
The first of these was concerned with the existence of a deep metaatable inverted 
doublet D term, and the second with a pair of terms that were characterized by 
features similar to those of doublet terms of the P type. This pair did not 
seem to belong, however, to the regular series of doublet P terms In the 
communication referred to we also pointed out that our term scheme did not 
permit us to classify a number of strong lines that were known to belong to the 
gold rtc spectrum, and that included many of the wave-lengths found to be 
Absorbed by Miss Buff am and Mr H J C, IretonJ in^expenments on the under¬ 
water spark spectrum of gold To account in a general way for many of these 
wave-lengths we suggested that they might possibly be found to belong to a 
quartet or to a sextet system, the features of which no were not at the time 
able to develop. 

Recently, through the brilliant work of Pauli§, Heisenberg!| and Hund^f on 
the interpretation of spectra, we have been furnished with a means of predicting 
with considerable accuracy the structure of any spectrum By this theory, 

* ' Naturw vol. 25, p GOO (1923) 

t ‘ Roy* Soc. ProoV A, vol 108. p, B7L (1925) 

t ‘ Trans, Roy Soc Can / vol. ID, III, p. 113 (1925) 

| ‘ Z. f. Phyatii,’ vol. 31, p 7tt5 (1025). 

II 1 Z. t PhyaiV vol. 32. p 841 (1925) 

% ' 3. f Physlk/ vol 73, p 345 (1925), 
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with some modifications and extensions, we can now predict the structure of 
the gold arc spectrum, and as a consequence are able to cany out a morn 
systematic investigation of its features The significance of the two unusual 
features found by us in our earlier work and mentioned above is now more 
clearly understood. Wc ah all proceed to explain these features and to develop 
the structure of the spectrum more fully in the discussion following in Section* 
IV and V 


II. Absorption Experiments and W ave-fongth Measurement*. 

A & a further aid to the present investigation! absorption experiments were 
repeated in the quartz spectral region, both by the method of normal vapour 
absorption and by that of the underwater spark. Table III contains all the wave¬ 
lengths found to be absorbed by gold vapour in these experiments, and they 
are classified according to our subsequent analysis of the spectrum 
A few wave-lengths, not previously recorded in cither the arc or the spark 
spectrum of gold, have been measured by us either from our plates of absorption 
spectra or from some plates of tbe emission arc spectrum taken by ua for the 
purpose. These wave-lengths are noted by an asterisk in the tables. All other 
values used in this paper were obtained from Kayser and Konen's ' Handbook, 
Vol. VII, with the exception of the three wave-lengths X1833 26(1 vac), 
X 1666 62 (I vac.) and X 1046-60 (I vac.) which were measured by Bloch.* 
Certain of the wave-lengths, however, that had been observed previously only 
in the spark spectrum were found by us to be really arc lines. The intensities, 
of such wave-lengths were estimated by us from our arc spectrum plates. 

We have adopted Sommerfeld’s values for the quantum numbers and HusseH’s 
notation for the term designations throughout. For example, the designation 
] *D a represents the component of the “ deepest ” term of the doublet D type, 
having the inner quantum number j = 5/2 

III Theoretioal Considerations . 

It has been shown by Paul), Heisenberg, and Hund in their treatment of the 
interpretation of spectra, referred to in Section I of this communication, that in 
order to determine the energy states of an atom involved in the emission of any 
of its spectra, the resultant action of all the electrons of the atom in question 
must be considered Without going into the theoretical development in any 
detail, we will merely give here a few rules that it will be necessary to refer to 
later. Certain of these rules are based on theoretical considerations and certain 
* * J. Physique et Rad.,’ voL VI, 4-6, pp, 106 and 154 (1026). 
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of them were given by Hund in hu paper and were derived by him from empirical 
relations found to exist in a number of known cases, 

1. If the total number of electrons that can occupy an orbit type, characterized 
by the name total and azimuthal quantum numbers n and k , be N, the number N 
is given by N = 2 (2k — 1). Such a number is 2 for an orbit of Lhe n x type, 
and 6, 10, 14 . . for orbits of the n a , n 4 ... types respectively 

2. If there are r electrons occupying orbits having the same n and k (equiva¬ 
lent orbits) where r;N, the resulting action of r electrons is equivalent to that 
of N — r electrons, and so the resultant term types would be the same in cithrr 


3. If the number of electrons in equivalent* orbits is r, and if r s —, the 

2 


components of any one of the resultant terms should be m the normaL order, 
that is, the component with the smallest "j ” value should be the “deepest 


N 

But if r > — the term components should be inverted, that is, the component 
2 


with bho largest" j ” value should be the " deepest.” 

4 By rule 2 it can be Bhown that the resultant action of N electrons in 
equivalent orbits is equal to that of no electrons. Therefore if an orbit type has 
its complete quota of electrons, given by N, und forms a part of a given electron 
configuration of an atom, it can be neglected when deriving the term-types 
corresponding to that configuration. 

5. If in a group of terms that result from a given electron configuration there 
are terms having the same “ 1 ” values but of different multiplicities, that with 
the highest multiplicity should be the “ deepest," For example, if in such a 
group there is a 4 P term and a a F term, the 4 F term should be " deeper " 
than the B F term. 

6, If in a group of terms that result from a given electron configuration there 
are terms of the same multiplicity but with different values of “ I,” that frith 
the highest “ l ” value should be the deeper. For example, a *F term should 
be deeper than a 4 D term, a 4 D deeper than a *P and a 4 P deeper than a *H 
tenu. 

We will now proceed to develop the theoretical structure of the gold arc 
spectrum according to the methods furnished by Pauli, Heisenberg and Hund, 
before discussing the results of our empirical analysis of its features. 

Hund has shown in his paper that wc can most easily predict the terms 
belonging to the arc spectrum of any element by first considering the “ deep ” 
terms of the spark spectrum that correspond bo all stable and metastablc electron 

VOL. CXU.— A. 
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configurations possible (or the atom when in the singly Ionized state Pawing 
then to the terms of the are spectrum we obtain these by adding an electron 
that is supposed to occupy an orbit of any type not already possessing its 
complete quota of electro ns 

Table I gives the three possible electron configurations that represent 
the most stable energy states involved in tho emission of tho Au II spectrum, 
i.e , the first spark spectrum of gold. 

If now we add an electron in various possible ways and calculate the resultant 
terms, we arrive at the term types given in Table II. In this table only those 
Configurations are given that determine the most important energy states 
involved in the emission of the Au I spectrum, and that are necessary for the 
discussion of our empirical analysis of its features. The pdded electron is 
bracketed in each configuration of Table II It should be pointed out that 
from each configuration in Table II only the first member of a term series 
can be determined Higher senes members result when the added electron 
occupies an orbit of higher total quantum number, n, than that given 

When the gold atom is in any one of the states in Table II, say in 1a, 2a, 
or Ha, its arc spectrum ib characterized by *S, “P and "D terms respectively. 
If the bracketed electron in 1a, 2a, or 3a, Table II, ia removed entirely, the 
atom will then in each case bo in the ionized state 1a in Table I, and its first 
spark spectrum while in this state will be characterized by a " deep ” term of 
the hS type This means that the " deep ” terms of the spark spectrum is 
the common limit of the *S, *P and “D aeries of the arc spectrum, the first 
members of which are indicated in 1a, 2a, or 3a, Table II. In the same way 
the limit of any other term senes belonging to tho arc spectrum can be shown 
to be one of the “ deep " terms of tho spark spectrum given in Table I In 
Table II tho aeries limits arc indicated in the right-hand column. 

It will be aocn from Tabic II that the gold atom cannot get directly from 
any one of the states in a certain class ], 2 or 3 to any other state in the same 
class without involving a violation of the selection rule for the azimuthal 
quantum number, “ Ac,* 1 of an orbit, i e , that in a transition “ k ” may change 
only by ± 1. Neither can the atom get directly from either of the states 
in class 1 to either of those in class 3 without a violation of this selection rule. 
But the selection rule would permit certain transitions between a state in 
class 2 and certain states in class 1 or certain states in class 3, Hund, however, 
says that the atom can get directly from any of the states in class 2 to any 
of those in class 1 or to any of those in class 3. If this is correct, there must 
be two kinds of transitions possible, (a) those for which a single electron jumps 
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from an orbit with k to one with & ± 1, m accordance with the selection rule, 
and (6) those for whioh two electrons jump simultaneously one from an orbit 
with h L to an orbit with k l 1 and the other from an orbit with k * to an orbit 
with -£ 2 where ^ and A 2 may be equal or unequal For example, if the 
atom is to get from 2a to 1b one electron must jump from a 6 e orbit to a 
orbit, the other electron from a 5, orbit to a orbit. Our empirical analysis 
shows that such a transition does occur in the emission of certain wave-lengths 
of the gold arc spectrum, so that double electron groups, governed by the 
rules in (6) abov^ must be possible for the un-ionized atom of gold They 
have been known to occur in the atoms of a number of other elements also, 
and were found originally by Russell and Saunders* to be an important 
characteristic of the emission of the arc spectra of the alkaline earth elements 

IV - - Discussion of Empirical Remits 

The results of our empirical analysis of the gold arc Bjkectruni are given in 
the energy diagram Fig. 1 and in Tables IV and V, Table IV contains the 
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values of all the terms we have been able to find The terms have been grouped 
so that each group corresponds to a certain configuration of the electrons of 
the un-ioiuzcd atom of gold The configurations (of the 11 outer electrons 
only) are given in the nght-hand column in such away that for instance, 

indicates that there are 10 electrons occupying G n orbits and one occupying 
a 6j orbit. Table V contains the wave-lengths that we have been able to 
classify as combinations between pairs of the terms in Table IV. 

Our absorption experiments show that the deepest term of the whole arc 
spectrum of gold is that designated as 1*8,, for all the wave-lengths in Table If I 
that we found to be absorbed by the normal vapour of gold involve this term. 
To it, therefore, we have assigned the value zero It corresponds to the *8 
term predicted in Table II, 1a, pftnd is the first member of a doublet 8 series, 
two higher members of which have also been identified. The terms designated 
as l^P, | and 2*D al correspond to those predicted in Table II, 2a and 3a 
respectively They arc the first members of a doublet P and of a doublet D 


Table III —Absorbed Wave-lengths 


I 

MIA) 

w (vac y. 

Combination 

Method 

' 8 

3123 78 

B201B-3 

PD,—PP, 

U W 

Mi? 

mm'22 

1 33002 2 

PD,—PF, 

U w. 

0 

2748 26 

30275 9 

PD, — l‘F, 

u.w 

4 

3700 eo 

37013 7 

PD,—PD, 

uw. 

10H 

3675* 95 

37358 S 

PS, — PP, 

UW I NV 

4 

2641 40 

37846 1 

PD,—PD, 

UW. 

1UR 

2427 B8 

41174 0 

PH,—PP, 

U.W , N V 

0 

2387-73 

41867-6 

PD,—PD* 

UW. 

4 

2376 26 

42070 3 

PD,—2*P, 

uw. 

b 

2352 53 

42492 2 

PD,—PF, 

IT W. 

a 

•2139-40 

40940-1 

TO*-*.. 

UW 

2 

-2126 62 

47008-2 

l-.H,—1-iT, 

UW , NV 

4 

2110 00 

47364 B 


u.w 

4 

2082 00 

48010-3 


u.w. 

a 

•2021 40 

49404 6 

1"D,-^fe ia 

u.w. 

3 

-2019 02 

40680'2 


uw. 

2 

2000 08 

49900 9 


uw. 

a 

1991 15 

50200 8 


uw 

4 

1977 32 

00007-1 


U.w. 

a 

1031-21 

01283 4 

PS,—2*P| 

UW.J N V. 

2 

•1B38 52 

01507-7 

PD.-IPP, 

UW. 

4 

1018 92 

52000 0 

PDi-« u 

u.w 

a 

1879 13 

53198 4 


U W. I N V. 


A (I vac). 




i 

1663 52 

00041 9 

l'S,-*?, 

NV 

2 

1646 30 

60734 9 

PB,-3»P ( 

NV. 


Measured by the author* 
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senes, und we have found one higher member of each senes an well The 
common limit of each of these term senes we have shown in Section III to 
be the "deep” *S term of the Au II spectrum, given in Table I, 1a The 
calculated value of the limit is 74,461 an, -1 , and is indicated in Jig 1 by the 
horizontal line with the infinity symbol at the right of it. 


Table IV, 


‘V 

1 Term 

Term 

Term 

( Wfiguration 
of Outer 
Bleotmmi 

value 

Designation 

1 Value 

Separation 

1/2 

I'H. 

1 

0 



0/2 

I'D, 

0160 8 

| 12274 0 

<».)• («.)• 

a /2 

l'». 

21494 8 

1/2 

I'P. 

37363 6 

| 3816 0 


3/2 

1-Pi 

41174 2 


7/2 

1"F 4 

42163 0 


(l-FMi 

7/2 

1 4 F| 

46636 7 


6/a 

s/a , 

I'D. 

I'D. 

46174 G 
47007 0 

| 832 5 


7/0 ‘ 

I'D, 

01028 4 

KUO 4 


a/a 

a-p. 

61231 0 

1 


fi/2 

I'F, 

51663 1 

y 1077 3 


i/a 

FI’ 

63206 3 

J 


3/a or 6/* 

°n 

66106 2 



3/2 or 6/B 

r.i 

586162 



3/a or 6/B 

61266 4 



3/2 or 6/2 


03712 W 



1/3 

2*S| 

64464 H 


(«■)“■?! 

1/3 

3*Pi 

60032 6 

| 606 7 

(« a ) ,D 7 l 

3/2 

PP, 

60728 2 


""3/7“' 

PD. 

Ulflfll 6 

| 82 4 

(*»)'% 

fl/a 

PD b 

02033 0 


1/3 

3«S, 

64742 4 


(«•>*•«. 

a/a 

PD, 

07460-1 

} 41-8 

(fl.) u 7. 

6/a 

PD, 

67510 e 


7/1 

■ i 

07810 8 


(■'bl’M. 

fl/a 


68704 6 


3/2 

“i 

7066a 7 



9/B 

“4 

767ai 5 



fl/a 


76820 a 
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Table V 


1. 

*. (I A ). 

► Km ) 

Coni M nation 

r. 

7610 74 

13910-0 

l'Fr-M 

4 

027B-1B 

15023 8 

1 , D I —PF t 

lu 

5050 08 

10782 4 

l-D.-.i 

1H 

1 6802 94 

17051 0 


4 

6037-40 

17120 2 

PPI—ate, 

0 

*6721 2ti 

17473 8 


1 

5066 70 

1 J7070 2 

l-D, 

1 

*6201 82 

18000 a 

l-K,-., 

I 

*5147 30 

J0421 0 

* p , ^ 

'2 it 

6004 02 

10730 4 

i-D.-lifp, 

4 H 

4811 ((1 

20777 3 

PP,— 2*1), 

H 

4702-00 

20869 7 

PP, -2H>, 

0 

*4020 70 

21036 7 

l-D. —«4 

4 

4007 36 

21098 4 

l-D,-.. 

4 

4488-20 

22274 1 


4 

4437-28 

22530 0 

I'D,-, 

l 

4318 U 

23107 0 

l'K 

2w 

424 1 84 

23568 2 

PF,—3% 

Lh 

4084 J4 

24478-1 

i-n*-*. 

0 1 

44)00 08 

24592 0 

pf,— 7b, 

2 

4040 05 

24730 7 

l'Dg—1"D B 

2 

8000 30 

26572 2 

PD,—pfl. 

4 

3807 88 

85047 7 


1 

3880 45 

25709 3 


i 

3875 08 

26800 6 

I'D,-* 

1 

*3801 07 

20294 7 

PP,—OT), 

4 

3700-BO 

26330-7 

PP,—30), 

3 

3050 74 

£7383 8 

IVi-J^ 

2 

9356 18 

20790 1 

I'D,—£*P, 

2 

3320 U 

30110 6 

PPi—JPD, 

2 

3308 31 

30218 3 

PD,—PF, 

4m 

3204-74 

aim 7 

PF,^, 

4u 

3104 73 

31202 5 

PF.-A 

J 

3148 37 

31778-5 

pd b -?p, 

8 

BUS 78 

8*013 6 

PI),—PP, 

8u 

3020 22 

83002-* 

PD,—PF, 

4 

2801 00 

34508 0 

PF,—«, 

3 

2883 48 

34070 4 

PD,—o,. 

(1 

2748 26 

36875 0 

PD.-llfr, 

4 

2700 00 

37013 7 

PD,—PlT, 

4 

2688 72 

37181 4 

PD,-*., 

ion 

2675 96 

37368 8 

m-pk 

4 

£641 40 

37845 1 

PD,—PD b 

4 

2690 06 

38597-7 

PDg—iPP, 

4 

2644 20 

30203-4 

PD,—JPP B 

4 

2510 50 

300*0 6 

PD,— 

ion 

£427 08 

41174-0 


0 

2387 76 

41807 0 

PD,—PD, 

4 

2376 25 

43070-3 

PDg—OT. 

4 

2364*67 

4*276 1 

PD,^„ 

8 

2362 66 

42498*2 

PD,—PP, 

2 

•2120 46 

40045 4 

I'D.-o,, 

2 

*2126 02 

47000 £ 

pa,— pd. 

3 

*2021-40 

40464 0 

PD b -— 6,1 


Measured by the auttaom. 




105 


Structure of Arc Spectrum of Gold, 


Table V.—(continued) 


T 

1 A (I-A ) 

y (var ) 

l 

Combination 

3 

1BB1-21 

01233 4 

1*8,—2*1*, 

a 

•loan 02 

01607 7 

l a D B ^3* I* 

4 

IBIS 02 

52000 5 


j 

1879 13 

63108 5 

1»H 4 —2-P 1 


x (I vac,) 



2 

1833 20 

54547 ti 

J'M,, 

1 

um 52 

00041 * 3 

IAS, — 3 a I\ 

2 

104(1 50 

00734 0 

j^-3-P, 


The term designated oh l a D ai corresponds to the a D term given jn Table TT, 
1b. The berm values in Table IV show that it is another “deep” term of 
the spectrum, but that it 10 not bo “ deep ” as the 1*3! term Our absorption 
experiments also confirm this view, for all the wave-lengths in Table III that 
involve the component l B D a were absorbed by the excited vapour in the under¬ 
water spark but not by the normal vapour of gold The energy provided by 
the under-water spark was, therefore, sufficient to raise the gold atoms to the 
state represented by the term 1*1),, but was probably not sufficient to raise 
them to the l*D a state This would explain why wc did not find any absorp¬ 
tions involving the term l*D a As the term l*D al does not combine with the 
term } t S l , it must, therefore, represent a metastable state of the un-ionizod 
atom of gold. 

The values of the components of the l a D aB term show that the term is 
inverted, that is, the component l a D a is " deeper ” than the component l a D a 
This feature is in conformity with certain rule* given in Section III. For the 
term represents the resultant action of the 11 outer electrons of the un-iomzcd 
atom of gold, when nine of them occupy 5 S orbits and two of them 6j orbits 
The orbit type is by rule 1 thus filled and therefore by rule 4 can be neglected, 
while the 5 a orbit type contains nine electrons and this number is greater 
than N/2 where N = 10 for this type. Therefore by rule 3 the term should 
be inverted and this we have shown to be the case The significance of the 
metastable inverted doublet D term, found by us a year ago, is thus made clear. 

It should be noted, however, that the terra here designated as l*D a is not 
the same as the one we selected in our earlier work as 1 B D„ (5S X in the previous 
notation). Our identification of the 5^ term last year was based chiefly on 
a wave-length given by Quincke,* namely X 4623 -26 a having the estimated 
* Ksyver and Konen, ' Handbook,’ vol VII. 
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intensity 6v. A close inspection of our plates of the emission arc spectrum 
of gold failed to reveal any Line o£ this wave-length m the spectrum." Our 
previous evaluation has therefore probably no significance. The discovery of 
the correct Value of the term l a D a has made possible the advances recorded 
in this communication. 

The most important of these advances ib represented by the group of twelve 
terms at the right of fig ], beginning with that designated as 1‘Fi and going oil 
to that designated as d I3 All these terms are new with the exception of those 
designated as 2 3 P a and 2 8 Pj, which constitute the irregular terms of the P type 
found by us in our earlier work and mentioned above in Section I Although 
we have been able to identify only eight of the twelve terms referred to, it Beems 
fairly certain that all the twelve correspond to certain components of the 
group ‘F^P^D*? that result from the electron configuration 2 b in Table II. 
This group, as the table shows, has the 8 D term of the Au II spectrum as a 
common senes limit Of the terms in this group the quartet terms should be 
,f deeper ” than the doublet terms of the same type by Rule 0 in Section III. 
But from the arrangement of the eight components that we have identified 
it would seem that in this case there is a contradiction to the rule, 
i e, that the a F t4irni is deeper than the 4 F term, the a D term is deeper than 
the 4 D term, and that the a P term is deeper than the 4 P term We will proceed 
to discuss our arrangement of the group, fiTst empirically and then from a 
theoretical standpoint 

We have shown in Section III that the gold atom can get directly from the 
state 2 h to the Btatc 1 a in Tahlc If. Consequently the terms 4 F 4 D 4 P , F a D a P 
nan uambiue with the term l t S 1 subject to the selection rule for the inner 
quantum number "j,” associated with any term component, if, "j may 
change only by or 0 in a transition. The selection rule for “ j " limits the 
number of possible combinations to eight, namely, those from the component* 
# F fl 4 D a , 4 P a , 4 P l( ■Dj, a P a and a Pj to the term 1% The three doublet 
components a l)g, a P a and a P 2 should combine with the term l^j moro readily 
than the five components of the quartet terms. It will be seen from fig. 1 
and Tables IV and V that only three of the eight possible combinations with 
the terms HB| occur. We have, therefore, been led to the view that the three 
wave-lengths X 2126 62a, X 1951 -21a and X 1879’13a result from the three 

* Table VI oontalns a number of wave-length*, given by Quincke, that wo were not able 
to detoot in the omission aro Npeotrura of gold. 
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combinations between the doublet component* 2 D a , and ^ and the term 
1*8}, and as a consequence we have identified the terms designated as l 3 !) a , 
2*P, and 2^ The three other doublet components designated as l fl D a , 1 B F 4 
and 1*F| were then selected so as to be in agreement with Rules 3 and 6 m 
Section HI. The terms designated as 1 4 F 4 and 1 4 D 4 were identified by the 
fact that they are the only components of the group 4 F 4 D 4 P that have the 
inner quantum numb era, “j" — 7/2, and, as Table IV shows, each of them 
has this value for “ j ” As we have arranged them, 1 4 F 4 is deeper than 
l 4 D 4i but we cannot he certain of this. The remaining four terms of the group 
of twelve probably are other components of the group 4 F 4 D 4 P as well, but wo 
have not sufficient evidence to enable us to identify any of them, and so we 
have designated them as a l3 , & B8l c l3 and d E8 for the time being. The double 
subscripts 2 and 3 in each oaBe indicate that the inner quantum number u j " 
belonging to each term may have either of the values 5/2 or 7/2. 

If our identification of the terms discussed in the last paragraph be correct, 
we have shown that in this case the doublet terms of the group •FfD'P^IW 
must be “ deeper 11 than the quartet terms of the same typo The question 
of the senes limits involved probably has some bearing on the theoretical 
significance of this feature. We have indicated in Table II that the terms of 
the group *F 4 D 4 P > F l D i P have as senes limit the 8 D term of tho Au II spectrum, 
but the a D term is threefold, and by Rule 3 in Section III should be inverted. 
The question then is, of tho 17 component terms in the group, which ones have 
the component S D 1 as limit, which ones have the component 3 D a and which 
ones have the component *D 8 

The question of senes limits was treated recently in an extended way by 
Hund in a special paper.* As an example of spectra characterised by doublet 
and quartet systems with a threefold limit, Hund discusses the structure of 
the arc spectra of tho elements of the fifth column (N, P, As, Sb, Bi), We givo 
in fig, 2 a diagram of the term structure of the arc spectra of these elements, 
taken from Hund’s paper By means of the rules given by him we have 
Constructed fig. 3 to represent the arrangement of the group of terms 
4 F 4 D 4 P I F B D B P, that We are discussing, in the Au I spectrum In fig. 2 the 
components of the limiting term B P of the spark spectrum are in the normal 
order, and as a consequence the components of the term types in the arc spectrum 
are in the normal order as well Also quartet terms are deeper than doublet 

* 1 Z. f. Pliyulk,’ voi, 34, p 200 (102/1). 
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terms o! the same type. Bnt in fig. 3 the limiting term *D of the An II spectrum 
has its components inverted, and the components of terms of the arc spectrum 
having the B D term as limit are therefore inverted In order to explain the 
fact that the doublet terms of the group in the Au I spectrum 

are deeper than the quartet terms of the same type, we now put forward the 
view that the inversion of the components of any term, when the limit is 
inverted, is accompanied in some oases by an inversion of the relative depth 
of doublet and quartet terms of tlic same type, so that the doublet term of 
any type would bo the “ deeper ” 


Table VI.—Wave-lengths of Doubtful Origin recorded by Quincke as belonging 

to Au I. 


I 

\ (1.A,) 

Origin r 

I 

MIA) 

Origin T 

2 

6101 60 


rtU 

3092 95 

Al 1 

(hr 

4623 26 


lx 

30JN 91 


1 

4543 74 


l 

3034 1J 

an I 

OH 

•3027*57 


1 u 

3024 34 


1 

3002 27 


20 

2073 25 


In 

3673 50 


2 

2970 41 


au 

3641-03 


2 

2063 75 


a 

3377-59 


1U 

2061 01 


i 

3242 69 

Pd 1 

In 

2943 04 

lift 11 

In 

3191 30 

Cn 1 

Ik 

2913 30 

Jll 11 

4tf 

3117 01 


Ik 

2094 29 



* A ffciflt line at thin wave-length wm observed in our platen 


The only terras in fig. 1 thaL we have not yet discussed are the high ones 
designated by Greek letters These are probably components oi the group 
resulting from the electron configuration 3b in Table II, but we have not been 
able to show that any of these terras correspond to components of any of the 
predicted types 

Our analysis of the Au 1 spectrum has not furnished more than the first 
member of any series that has the a D term of the Au II spectrum as 
limit. We therefore cannot calculate the values of any of the components of 
tbo ®D term. 

V,- Ccmdwfum 

In the foregoing analysis we have been able to classify by our term scheme 
nearly all the wave-lengths known to belong to the gold arc spectrum The 
most important wave-lengths that have not yet been classified are six, given in 
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Table 111, that were found to be absorbed by the vapour in the under-water 
spark of gold. These wave-lengths undoubtedly involve the metast&ble term 
l a Ds and will probably be found to lead to the identification of oertain of the 
terms of the group a P*D*F with the limit, of l D in Table II, 2 b„ or bo oertain 
of those of the groups in Table II, 2c But we have not any further evidence 
in support of this view. Zeeman effect experiments will probably furnish the 
best means of definitely settling thin question and any other features of the 
arc spectrum of gold that are not yet clear 

Tho authors wish to thank Miasm AlHtt, Cohen, McDonald and Hutton, and Mr M J 
Lggctt for aiwialanoe in taking phoLugr&pha of spectra Aeknow lodgment should also be 
nude to the National Research Oouncil of Canada, lor the award of a fellowship to 
Mr A B MrLay, which riublcd him to collaborate in thin investigation 
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Introduction, 

In a previous paper the authors have given a preliminary analysis of the 
arc spectrum of palladium * This has now been extended and brought into 
better agreement, with the theoretical considerations of Hund. In addition, 
some progress has been made in the analysis of the second or spark spectrum 
of palladium. The work on the arc spectrum has been made possible by the 
study of the Zeeman effect of the palladium arc by Beals,f by the experiments 
of McLennan and Cohen, and McLennan and Liggett} on the absorption 
spectrum of normal palladium vapour, and by the measurements of Meggenf 
of the lines of the palladium arc in the region from 4500 to 9000 A. 

* ‘ Trans Roy Hon Can Hen Ill (1020). 
t ' Hoy. Hoc Proe A, vd. 100, p. 3flfl (102fi), 
t Papers bo appear m 1 Trans Roy Hoc Can ,’ Sen. ITI (1020) 
g 1 Bureau of Standards Nm. Papers,' p 409 (1025) 
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Tht Ground Term* of Palladium I. 

On the basis of hi^ experiments on the Zeeman effect, Beale assigned most 
of the strongest lines of the arc spectrum to combinations between a group of 
low terms designated by J So, B D aB |, 1 D, (in the notation of Russell) and a 
group of singlet and triplet P, D and P terms. This has been generally con¬ 
firmed, Although it has been necessary to rearrange the PDF group slightly in 
order to bring it into agreement with the theoretical grouping of these terms 
The new arrangement of the lines involved is shown in Table I, and is sup¬ 
ported by consideration of the relative intensity. Those lines for which the 
agreement between observed and calculated Zeeman effect is particularly good 
arc not affected by the changes Tabic I also contains other linen due to com¬ 
binations with the low group, some of which have been identified as the second 
members of series of which the lines given by Beals are the first members The 
nature of the other terms combining with the low group has not been ascertained 
Table 11 contains lines duo to combinations between the PDF group and two 


Table I —Combinations with l^ow-Lying Terms 


Term. 

j 

PS 

0 

PI) 

2 

I'D 

1 2 3 

l’F 2 
.1 

4 


27089 8ft (20R) 
25071 84 (20) 

28717 00 (50R) J1050 00 (3) 

20638 56 (30K) 30820 48 (100R) 

20303 78 (100R) 

PF 3 


23729-53 (20R) 

27006 48 (100R) 28887 22 (flOR) 

l"i) I 

2 

a 

40837 33 (HH) 

20110 08 (20R) 
29040-02 (20R) 
26130-49 (50R) 

30744 72 (30) 33083 01 (3) 

30077 30 ( 30 ) 33016-10 ( 20) 34207 08 (10) 

32102-08 (30) 33204-00 (10) 

l‘D 1 


23256 IS (20) 

26881 08 (15) 20220 03 ( 50R) 30411 Hfi (10) 

I“P 0 

1 

2 

30180 (18 (1GR) 

24458 74 (1U) 
22346 70 (15) 

27094 02 ( 30R) 

20080 53 (10) 28425 02 (100R) 

23074 04 ( 0) 26313 80 (10) 27504 00 (200R) 

PF 1 

4030ft 33 (HR) 

28040 80 (15) 

30274 04 (30R) 32613 51 (20) 

»a r 

58001 (aba.) 


4T934 (iiwa) 

2«P 1 

50700 (aba ) 

- 

46001 (uwb) — 

i 1 

$ 1 

X ? 

• 3T 

07030 (aba ) 
45404 (sba ) 

50580 (hIjh,) 

45048 (uwh) 

30188 50 (1) 
44707 0 (1) 

47581 (awa) — 

33305 4 (1) - 

43155 40 (1) 44347 20 (1) 

— 48704 (uwi) 

56054 (Abu ) 58120 (aI n ) 


m a hwu ration. uwi **• under-watar Hpark reversal 
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Table H -Combinations with tPY 


Term 

wf 

j 

1 3 4 


PF 2 

3 

_* j 

- 

12202 44 (0) 

J(W 2 « an (I) 

1»D 2 

A 

12507 72 (4) 
11044 04 (1) 

14757 OH (12) 


Table III.—Lines absorbed by Normal Palladium Vapour. 


Vbv ©'length 

I,A 

Absorption 

Intensity 

Frequency 
cm ~ l 

Combination 

3634-6M 

6 

27004-00 

PP, - PD, 

3800-MB 

5 

27000 43 

1% - PD, 

3016 9(13 

2 

28425-52 

1 B P, - PD, 

3460 761 

3 

28087 22 

PF, PD„ 

3421 227 

6 

20220 93 

PD, - PD, 

3404 563 

10 

20363 78 

PFi - PD, 

3378 018 

4 

20638 50 

PF, - PD, 

3302 147 

0 

30271 04 

PP, - PD, 

PIT, - PD, 

3287 248 

0 

30411 85 

3258-803 

i 

20077*30 

1*0. - l-D, 

3251-667 

3 

10 

20744-72 

i-r\ - pd. 

3242 710 

30820 48 

PF, - PD, 

3114 076 

fl 

32102-08 

1 B D, - PD, 

3005-826 

4 

32013-51 

PP. - PI>, 

PD, - PD, 

3027-042 

4 

33016-15 

9002 000 

2 

33294 00 

PD, - PD, 

2922 518 

1 

34207 08 

1 B D, - PD, 

2703-001 

10 

38180 08 

PP, - Pfl, 

2751-87 

1 

30328-1 


2470 441 

10 

40308 33 

PF, - Pft 

2447-008 

1 8 

40837 83 

pip — i*a. 

2272 2 

l* 

43097 

2251-470 

2 

44401-63 


3247 7 

2- 

44470 


2232 85 T 

1 2 

44707 9 

5, - l‘D, 

2107-0 

2* 

45484 

ft - 1% 

1824 7 

1 

54804 


1700 0 

4 

50530 

1 1 1 

*rgTJ 

1703 4 

4 

50709 

1705 8 

2 

56954 

1747 4 

1 

07228 


1784 0 

4 

07050 

•. - l-S. 

1724 1 

2 

58001 

2*D, - l<$, 

«. - PD, 

1720-3 

1715 0 

2 

1 

58129 

58202 


* \ l iP i out identified with e minion linea In the 
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new low terms designated as 6*F« B . These are the lowest nembers of a 
theoretical group for which the remaining combinations would lie in the infra-red 
beyond the range of the measurements of Meggers. 

Table III contains the lines which were observed by McLennan and Cohen and 
McLennan and Liggett in the absorption spectrum of normal palladium vapour. 
These show very clearly that the term designated as J 9 0 represents the normal 
state of the palladium atom, all the lines due to combinations with it being 
very strongly absorbed. Most of the lines due to combinations with a D v are 
also absorbed, and some of those due to combinations with *D ai showing that 
the triplet D term represents a metastable state of low energy of the palladium 
atom. It is also evident that there can be no other terms as low or lower than 
these* This is in agreement with the assignment of the low terms by Bechert 
and Catalan * 

Theoretical and Observed Groups of Terms 

F Hundf has recently given a theory by means of whioh it is possible to 
predict the arrangement of the terms of the spectrum for an atom containing 
any number of electrons The effective quantum number (0 that defines the 
spectral term corresponding to a given configuration of extTa-nuclear 
electrons in an atom is given by 2 =■ j a + 1, where j a is the vectorial rosult- 
ant of the quantum numbers = k — 1 representative of all the individual 
electrons outside the last previous rare gas shell. The quantum number j, 
determines by the relation } (r — 1) the multiplicity of such spectral 
term ‘ it also is a vectonal magnitude, being the resultant of the quantum 
numbers (j,) of all the individual electrons, each of which is taken to be 
intrinsically of a doublet nature with its j , =■ J. In this way each possible 
arrangement of the electrons in orbits (n t ) of given total and azimuthal 
quantum numbers can be associated with a group of spectral terms. 

When two or more electrons are in " equivalent orbits/’ that is, in orbits 
having the same values of n and k , account must also be taken of their orienta¬ 
tion with respect to an imaginary small magnetic field. No two electrons may 
actually occupy the same orbit, and so if they have the same values of n, j a and 
one or both of the vectors j a and j, must be difforently oriented with respect 
to the field- This limits the number of electrons which may occupy equivalent 
' orbits of quantum number k to N = 2 (%k — 1), and also limits the number of 

* 1 Z. f. Phynk/ vol. 33, p 449 (1920); also ‘ Roy. Soo. Proc,/ supra, p. 76. 
t ‘ Z. I. Pfaysik/ vd. S3, p. 84 5 (1920). 

VOL. oxn — A, 
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possible ways of combining them to give the quantum numbers l andy, of the 
terms. In this connection it was shown by Hund that a combination of N — a: 
equivalent electrons (where x |N) gives rise to the same group of spectral 
terms as a combination of z electrons. In the former case it is found empirically, 
however, that the multiple terms are "inverted," that is, that the term with 
the highest value of the inner quantum number (j) is the lowest of each multiple 
term Hund also gives the empirical rules, that, of such a group of terms, 
those of largest multiplicity should be the lowest, and that of terms of equal 
multiplicity that with the largest value of l should be the lowest The last- 
mentioned rules are apparently strictly obeyed by the low terms of a senes 
system, but other effects may cause them to break down, for the higher terms. 

In the case of palladium (atomic number 40) there are ten electrons 
outside a krypton-like core, and these are to be distributed in the 4 B , 5} 
and higher orbits The most important configurations to be considered 
are those in which all ten electrons are in 4 a orbits, which will be denoted 
by (4 a ) 10 , and those in which there are nine electrons in 4„ orbits and 
one in a higher orbit, denoted by (4 a ) B 5 lP etc These give the ordinary 
series system, in which the lines are due to transitions of a single H senes elec¬ 
tron ,J The configuration (4 a ) 10 represents a completed shell, and gives rise to 
the low term only, so that it must be the normal oonfigura tion of the palladium 
atom. In order to find the terms due to the other configurations, the ja and y f 
of the tenth electron must be combined With the berm resulting from the nine 4„ 
electrons, which is a term B D. Thus (4 3 ) D 5 X gives rise to the metastable terms 
8 D a |], 1 I) a , and (4 b ) 0 3, to the group B F B D "P *F l D l V observed by Beals. In 
accordance with the rule mentioned above, all these terms are inverted. In 
Table IV the observed terms of the palladium arc spectrum are given, grouped 
aooordiDg to the electronic configurations to which they are supposedly due. 
The first column gives the configuration, the aeoond the predicted terms which 
should arise from it, and the thud the values of the corresponding observed 
terms. Some terms whoso nature has not been determined appear at the 
bottom of the table These all combine with the terms of the lowest groups, 
and may be part of the group due to the configuration (4 B ) a fl^a and so involving 
double electronic transitions. 

The selection principle for the azimuthal quantum number (A& = ± 1) 
should be applied to the electron concerned in the transition, and not to the 
effective quantum number (1) of the terms. Thus any term of the group (4 a ) B S B 
may combine with the low terms, or with any term of the group (4 B ) B 0 Bl subject 
always to the selection principle for the inner quantum number (Ay = ±1,0). 
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However, transitions in which 2 changes by 2 or 3 give nse to lines of small 
intensity compared with those for which l changes by 1 or 0. According to 
the usual practice, bars have been used to distinguish terms which combine 
with ordinary terms of the same value of l. Table V shows the observed com¬ 
binations between the group (4 a ) 9 Gj and the higher terms The rules of intensity 
are on the whole obeyed for combinations with the D and P terms, and justify 
the arrangement of the upper terms so as to agree with the predictions The 
intensities of all the combinations with the V terms are rather irregular 


Table IV —Terms of the Palladium Arc Spectrum. 

4 


Configuration 

Terras 

(predicted) 

j 

Value of 
observed tasrm 

Separatum. 


PS 

0 

0 00 


(*»>• Si 

1 B D 

3 

6504 02 




a 

7754 08 

1100 06 



l 

10003 03 

2338 0<T 


1*D 

2 

11721 72 


(*.)• (W 


4 

25101 12 




3 

2HS1S 53 

3112 41 



2 

— 



6*P 

2 1 0 

1 



6* G 

4 

I Combinations due to these 


fc l D 

2 

f berma would be In infra-red 


6‘S 

0 

J 


(*.)• », 

1 J F 

4 

35027 75 



I 

3 

37303 53 

1465 78 



2 

38811 71 

1418 18 


l l F 

a 

35451 25 



I'D 

3 

30858-14 




2 

40771-20 

013 10 



1 

40838-87 

57-38 


l'I> 

2 

36075 82 



PP 

2 

34068 80 




1 

361 SO 46 

2111 66 



0 

38088 02 

1907 06 


1 PP 

1 

40368-08 



S l D 

a 

40O10-4B 






210 2B 


2*D 

a 

48804 21 




% 

02A87 70 

3783 40 



1 

02356 31 

- 201-39 
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Table IV—(continued). 
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Table V.—Combinations between Upper Terms. 


Term. 

J 

1»F. 

9 

I B F. 

4 3 2 

9 i d a 

13068 21 (10) 

11629 99 (3) —“ 

2 *d a 

2 

1 

13302*94 (7) 
17036 46 (B) 

12876 44 (12) 11410-65 (2) —'■ 

15094 14 (4) 13676 02 (3) 

13024 59 (8) 

ESS 

10360 00 (40) 

18883 03 (7) 17417 76 (7) 

s 

22612*73 (2) 

1 10878*03 (50) 

22136 32 jlO) 20670 61 (4) 

— — 19537 23 (20) 

a 1 ? 3 

19060*04 (10) 

10084 46 (2) 17618 00 (3) 16200 49 (5) 

KB 

10073 88 (1) 

19097 44 (20) 17631*02 ( 30) 

— 21168*20 1) — 

21162 05 (6) 19744 09 (10) 

a*D 2 

19047 28 (8) 

— 10186 80 (5) 


19496*47 (7) 

19019 98 (10) 17004 16 ( 20) 16136 00 (2) 

16096*37 (3) 

wBm 


10011 03 (2) 

n 

19360-36 (0) 

17427 04 (12) 16008 90 (1) 

19383 63 (0) 

<« i 


10762 40 (1) 

am 9 

22686 52 (4) 

20744*77 (2) — 

to a 

i 

— 

— 22826 80 (1) 
22791 10 (2) 


■ In infra-red 
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Table V—{continued) 


Ttrm 

; 

2 

i-rr 

3 2 l 

2"D 2 

12043 71 (6) 

_¥ _¥ _ • 

2 *d a 

2 

1 

11828 37 (0) 
15611 01 (2) 
15380 00 (8) 

_* —a 

12626 43 ( 7) 11710-49 (2) 11460 H (2) 

11006 03 (1) 11407 67 (1) 

oH3 4 


14093-15 (2) 

aHl 4 

a 

21373 Id (8) 

18400 82 (B) 17577-68 (9) 

a»F 3 

18036-43 (30) 

15104-04 (1) — 

aFF 4 

3 

2 

21085-B6 (28) 
21970 DO (3) 

16167 03 (3) 

18703-64 (10) 17700-38 (12) 

18007 62 (2) 17704-46 (8) 17717 06 (8) 

a*D 2 

18022-70 (20) 

16140 30 (l) 14227 00 (l) L4lfi9 83 (5) 

a*D 3 

2 

1 

17071 BO (9) 

£1432 36 (0) 

19080 64 (4) 14176 30 ( 2) 

18000 43 (3) 17677 26 (10) 17000-84 (1) 

17630 72 (3) 17669 40 (0) 

a‘P 1 

17846-04 (8) 

-- 13083 01 (0) 

fl # P 2 

1 

0 


1406 2 44 (3) 14040 90 ( 9) — 

17429 02 (4) 17366 66 (4) 

j 17642 64 (4) 

a'S 0 


14664 97 (2) 

a - S 1 

17908-38 (2) 

1980J B3 ( 9) 13739-43 (2) 

3'D 2 

21162 M (0) 

— — 17290 60 (1) 

8-D 2 

1 

~ 

21780 46 (3) 20867 31 (9 ) 20700 03 (1) 

20831 78 (1) 20704-16 (1) 


m In infra-red, 
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Table V.—(continued). 


Term 

J 

| I'P. 

[ 1 

1»P. 

a 10 

2 4 D 2 

_* 

14D50-74 (3) 12838 03 (7) 

2 *D a 

2 

I 

11067-09 (2) 

14730 38 ( 00) 

18418-04 (4) 16307 16 (8) 

18267 Ofl (I) 16155 80 (0) 14248 32 (§) 

<HF 8 

2 

18187-20 (6) 

- 

2 

144)28 83 (8) 

20020 82 (4) 18818 06 (12) 

a-D 8 

2 

1 

18070 07 (5) 
18030-42 (1) 

20878 94 (20) 

— 22207 08 (5) 

— 22227 07 (3) 20320 00 (8) 

a'V 1 

14454 07 (9) 

20753 04 (0) 18642 10 (15) 10734 40 (0) 

a?P 2 

I 

0 

14451 98 (2) 
17B20 07 (7) 
18312 76 (2) 

20751-83 (30) 18640 21 (4) 

— 22014 80 (10) 20107 24 (0) 

22500 92 (3) 

ESS 

10004-43 (4) 

10102*67 (10) 

55 

14200 02 (3) 

20005 30 ( 20) 18393-62 (7) 10480-09 (1) 

3‘D a 

- 

21907 84 (4) 

2 

1 

21270 12 (1) 
21234 20 (2) 

— 23514 B7 (1) 


■ In infra, red 


The Senes Ijitmts. 

Senes of terms, following approximately formulae of the Rydberg or Ritz type, 
will be produced by configurations with the electrons in orbits of the same 
azimuthal quantum numbers, but with increasing values of the total quantum 
number of one of the electrons. For example, the successive configurations 
(4a)*{5 l( (4 a ) 0 6 l( (ig) 9 ?!, etc., of palladium give rise to senes of triplet and singlet 
D terms of which the metastable D berms are the first members. When the 
series electron is completely removed, there remains a singly charged palladium 
ion with its nine outer electrons in the configuration (4 S ) 0 . The energy of this 
configuration, expressed in frequency units, must therefore represent the limit 
of the series. But at the same time it represents a possible configuration of the 
Spark spectrum, and so in this way the limits of the series of the arc spectrum 
can be associated with the low terms of the spark spectrum. 
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In the cab© of palladium the configuration (4 a ) B gives rue to a low doublet D 
term of the spark spectrum, and either *D a or *D a may be the limit of a particular 
senes of the arc In a recent paper Hand* has considered this question and has 
shown how to distinguish between the series which proceed to either member of 
a double limit. In the case of triplet and singlet D terms it is found that the 
senes a D u converge to the limit and l D l J D a to the limit B D a . Three 
members of these senes have been found in palladium, and the limits have been 
calculated approximately by means of Rydberg formula. They are found to 
be 70902 and 67387 cm.' 1 respectively. The difference between these limits is 
3615 cm." 1 and should be equal to the frequency difference of the low doublet D 
term of the spark spectrum, which we have found to be 3612*4 cm," 1 . 

In the case of the series anBing from the configurations (4 5 ) 9 n v v F aa 3D la # P 0 i 
should converge to the upper limit, “D a of the spark spectrum, and ^ 
J D a 1 < Dj a P* 1 P 1 to the limit *D a Of the seoond members of thia group we 
have been able to identify only 9 D l and a P lP both of which combine with 1 S 0 
bo give lines which are absorbed by the normal vapour. The existence of the 
double limit shows in the term separations of the group(4 a ) B 5„, which is divided 
into two distinct sub-groups according to the particular limit of the senes of 
which these terms are the first members The multiplicity of the limit will 
also explain the irregular separations of the PDF group, and the fact that the 
singlet D and F terms are lower than the corresponding triplets Since the 
spark term corresponding to the limit is inverted, all the singlet terms are 
converging to the lower limit, and when the separation of the limits becomes 
large compared with the difference to be normally expected between the tnplets 
and singlets, the latter become the lower, and Hund's rule for the order of the 
terms breaks down 

In the energy diagram (see fig. 1) the terms found in the regular spectrum repre¬ 
sented by the configurations (4 a ) B n t have been plotted. Terms which arise 
from the same configuration are connected by broken lines, the two lines for 
each group representing the two possibilities *D aa for the nine 4 a electrons. The 
vertical lines on the diagram represent possible series of terms, and terminate 
in the particular limit to which the senes should converge. 


‘ Z. t Physik,,’ voL 84, p. 290 (IB2A). 
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The Spectrum of Palladium II. 

The values of the wave-lengths for the investigation of the spark spectrum of 
palladium have been taken from Dhein* for the region of wave-length longer 
than 2000 A., from Kailf for the region from 2000 to 1800 A., and from the 
reoenb measurements of McLennan and Liggett} for the Schumann region 
The analysis is necessarily incomplete, since many of the important lines lie in 
the latter region, where not much reliance can be placed on the accuracy of the 
frequency differences. 

The first attaok on the spark spectrum was made by looking for frequency 
differences approximating to the value 3510 cm. -1 which had been found for the 
difference between the two limits of the arc spectrum, and it was soon found 
* Z. f. wisfli Phot., 1 vol. II, 10, p. 117 (1019). 
t 1 Wien Akad. Wiu. Sltab / IU, vol 123. p. 1267 (19U), 


t Lot. ctl. 
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that 5612-4 cm. -1 was an important frequency difference in the palladium spark. 
Thifl was subsequently found to be the difference between the lowest term and 
a term with a value of j one unit smaller, and was accordingly taken to be the 
inverted doublet D term predicted for the configuration (4 a ) B r Other terms, 
only slightly higher, have been identified with most of those predicted for the 
configuration (4 a ) B 6 2 


Table VI —Terms of Palladium II 


Terra 

J 

Value 

Term 

3 

Value 

1 

(Configuration 

5k 

. V 


Middle tei 

mu 

>D 

5/2 

0 0 

A 

0/2 

41049*2 


3/2 

35)2 4 

B 

5/2 

42437 0 




C 

3/3 

42568 3 


— - 


D 

3/2 

45369 6 




E 

0/2 

48488 0 

(Configuration 

<.)■ »i) 

F 

6/2 

48065 0 




a 

7/2 

49027 6 

*¥ 

9/2 

— 

H 

0/2 

50482 7 


7/2 

1284 9 





S/2 

1946*4 

J 

5/2 

60378 4? 


3/2 

2310 9 

K 

3/2 

61969 2? 




L 

5/2 

02189 4 

.p 

7/2 

4049*9 

M 

7/2 

62808*6? 


5/2 

5302-4 

N 

3/2 . 

63260 9 




P 

7/2 

63402 4 

•P 

5/2 


Q 

7/2 

03489 6 


3/2 

4094 0 

R 

7/2 

03687-4 


1/2 

— 

8 

5/2 

639710 




T 

0/2 

64260 1 

■P 

3/2 

6222 9 

U 

5/2 

04401 1 


1/2 

— 

V 

0/2 

64484 4 




w 

0/2 

64070 7 

■G 

9/2 


X 

5/2 

64680 0? 


7/2 

8025 3 

Y 

7/2 

64841 8 




Z 

6/2 

60129*1 

■D 

0/2 

ii M 1 1 1 p| i 1 i 1 

AA 

5f2 

60188-2 


3/2 

eoei-OT 

BB 

3/3 

06188 8 




CO 

0/2 

66844 2? 

"8 

1/2 

— 

DD 

0/8 

07063 a 




EE 

3/2 

07160 0? 




FF 1 

3/3 

67332*0 




QG 

1/2 

00822>4? 

(Co 

n figuration 

*,*• <«.)•) 




a 

3/2 

6258*0 


High term 

is 

b 

0/2 

10174-4 

a 

0/2 

89408*0? 

c 

9/2 

12107 2? 

M 

3/2 

92089*1 

d 

3/2 

10424 8 

l 

3/3 

95309*9 

e 

1 3/2 

18289 A 

3 

3/2 

100509*0 

/ 

0/2 

20402*7? 

% 

0/2 

101770*0 

9 

7/2 

21425*7? 

c 

5/2 

101800*5 

h 

0/2 

22437.9 

n 

7/2 

108400*6 

} 

3/2 

22607-9 

f 

3/2 

108726*0 

k 

7 & 

22912 4 

a 

8/2 

104120*7 

fit 

0)2 

23374 0 

* 

8/2 

105801-4 

n 

5(2 

24804-0 


0/2 

160977-4 

P 

1/2 

29307*8? 

* 

1/8 

107678*1 
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All the terms found are collected in Table VI, and the lines arising from 
combinations between them in Table VII. We have not been able to determine 
the nature of the remaining low terms, or of the higher terms, and they have 
been denoted by letters, Small letters have been used for the unknown low 
terms, capitals for the middle terms which combine with these, and Greek 
letters for the high terms which combine with the middle terms, and which 
have Berved principally as a check on the values of the other terms It is 
probable that the low terms which have not been identified form part of the 
group due to the configuration (4 a ) 7 ( Gj) 2 , the predicted terms for which would be 
4 F *P, *H *G fl D *S, a D 


Table VII —Lines Identified in the Spectrum of Palladium II 


Warfr-tangth 

Intensity. 

Frequency 

Combination 

S882-OS 

1 

20746 1 

s, - OC a I 

3849 36 

1 

26012 2 

B. - d. 

3842'01 

1 

20016 0 

■» - P. 

3888*41 

1 

20133 6 

C B - d B 

3670 073 

0 


F, - 9i 

3311 13 

u 


E, - «, 

3243*131 

2 


»-r- 
«! 0| 

c, - b*n t 

3105 340 

1 


3041 664 

2 


2040*075 

2 


N, - p x 

3823*11 

V 


fl B - AA„ 

2774*770 

4 


E. - W B 

2751*4 

1 


a, - 

2714 347 

3 


~ f L 

2700*215 

1 


A, - 'P, 

9006-460 

O 


B, - »F b 

2087675 

3 


C. - 'F, 

9677-857 

2 


S. - X, 

2650 458 

O 


C, - t 3 

2633 218 

1 


FF, - Pl 

2628*247 

10 


A. - «■!), 

2605-058 

0 


Ci Qi 

2609*770 

3 


8, - L. 

A, - ‘P, 

2587-271 

0 

38630 22 

2584 166 

0 

38085 04 

% - 2b, 

2577*141 

4 

38791 08 

2575-531 

2 

38315 33 

Lg — 

Bg - 0>U| 

2568 298 

0 

38924 02 

£065*527 

0 

38966 77 

- m 4 

2504-236 

0 

38080-29 

«. - H, 

Cg - «"b, 

2500-323 

1 

30045 87 

2554 445 

0 

30135 71 

»l4 — T| 

2568*728 

0 

30146 70 

D. 'P, 

2552*128 

0 

30155 00 

®l “ ^8 

2040 017 

1 

30265-25 

- IX. 

2545*245 

0 

30277 00 

L - “ *JL 

E, - WD. 

2532 972 

0 

39470 S3 

2529 154 

1 

30597 03 

B. - ‘P. 

2525*407 

2 

30585*08 

■ g — Lg 

2520 85 

u 

30057-2 

V. - *8 
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Table VH—(continued). 


Wave-length. 

Intone! by 

Frequency | 

Combination. 

2520 66 

u 

99660 2 

F, - fr"D. 

3619 066 

1 

39740 18 

- FF, 

3019 690 

1 

89766-87 

W» — Jh 
— BB, 

2613 639 

1 

39788 56 

2608 224 

0 

39806*84 

B. - “0. 

2006 742 

15 

99696-92 

M, — *4 

2602 403 

0 

39046-05 

cf. - Sb, 

2497 649 

0 

40022-46 

2490 70 

0 

*0040-0 

Fj - Kl 4 

2460'617 

3 

40154 70 

A* — A* 

3464 243 

0 

40241 36 

S'.:;?' 

2460 1 

IT 

40309 

2479 115 

2 

40924-80 

(&=;: 

2471 103 

3 

40404-71 

2466 03 

1 

40640-1 

p« - \ 

2461 746 

1 

40009 25 

N,- u 

2406 474 

1 

40663 39 

- Aa, 

2407 732 

3 

40670 01 

D t - «P B 

2494 769 

3 

40724-96 

B, - h. 

2462 420 

0 

40769 60 

L| “ h 

2460 031 

2 

40609 40 

A, - If, 

2446 715 

a 

40808 74 

2437 716 

2 

41009-56 

Ml - Y 4 

2496-034 

a 

41020 46 

N b - A. 

2433 103 

8 

41087-31 

o.- «. 

2431 66 

1 

41109-7 

V* — ni| r 

2430 246 

1 

41190 56 

r, - Y 4 

2420 707 

1 

41211 04 

- L. 

2429 376 

0 

41202 16 

Qa - *. 

2419 064 

0 

41317 20 


2410 616 

I 

41964 69 

2410 287 

1 

41390 96 

M. " < 7 . 

2414 730 

2 

41399 82 

B, — A. 

2410-207 

0 

41477 09 

H. - MD. 

2406-704 

1 

41597 09 

i m m i 

2406 003 

2391-69 

0 

1 

41040 19 

41803 0 

2368 345 

3 

41807-29 

2980*172 

1 

41912 90 

W, - ji 

2378 712 

0 

42026<72 

Pi — 01 

2377 948 

I 

42040-21 

CC ( - n. 

2374 JD1 

0 

42106 74 

2. - H. 

2867*080 

0 

42217 01 

5’,=.; 

2368 927 

1 

42246 66 

2360 621 

1 

42209 07 

2364 690 

1 

42270 81 

AA. - * 4 

2961 503 

0 

42332-90 

w! - a! 

2960*788 

0 

42840 77 

I 1 ] 

** 

2307 369 

1 

42407-18 

2300-713 

1 

42436-96 

2900 89 

10 

42090-1 

*?■ - Pi 

o. - iA> t 

2348*996 

0 

42006-32 

2947*038 

1 

42064-06 

A - N. 

2348*466 

1 

42604-21 

V.- i, 

2390 100 

0 

4297710 

G 4 - ?!, 

2323-42 

11 

42026-8 

<j. -/. 
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Wave-length. 

In (entity. 

Frequency. 

Combination. 

2322-070 

1 

43042 33 

Mb ~ M( 

3308-989 

2 

43303 13 

- 'F, 

3299-903 

2 

43031 03 

BB, - u 

3288-183 

1 

43689 20 

DD, — m, 

8283*020 

0 

> 43787 91 

/B. - ‘P, 
l». L. 

2282-078 

3 

43806 22 

- N, 

2273 080 

u 

43923 03 

- F, 

8274-42 

1 

43969 6 

J. - d X 

2271 27 

1 

44016 0 

F. - -K 

2263-B03 

0 

44090 34 

a, - D, 

2264-239 

1 

44160 02 

DD,- * 4 

3230 473 

0 

44224 82 

H b - a. 

2232-324 

0 

44378 88 

{?::;?• 

2229 030 

1 

44060 62 

E, - rfl). 

2314 003 

3 

43132 00 

F. - o*D. 

2208 427 

1 

43360 69 

D, - a»D, 

3190 480 

0 

46637-78 

DD, - g. 

2166 438 

1 

46163 07 

K - -F, 

1103-148 

1 

46171 67 

u,^ <, 

2148 200 

1 

46036 70 

E. - "F, 

1184 800 

1 

46827 77 

y. E- 

3131 922 

1 

46897-77 

AA, - e s I 

2128 330 

1 

46070 30 

H, - a B D, 

2110 371 

1 

47164 38 

GO, -y. 

2117 098 

0 

47219 46 

8 , - i*i 

2081 096 

0 

48036 28 

u. - d. 

2071 09 

u 

48233 2 

X, - d. 

8001-035 

0 

48482 09 

E, - a'D, 

2039-640 

0 

48336 36 

H. - -F, 

2004*193 

0 

48663-28 

F. - q'U, 

2049 044 

0 

48871 00 

BE. - e. 

2039 011 

0 

49027 36 

Q, - o'D, 

2031 936 

2 

40197 78 

H, - -F, 

2001-748 

0 

49940 09 

>. - D. 

1998-11 

2 

30031 0 

», - c, 

1994 71 

1 

50116 a 

B, - H. 

1990*23 

2 

30482 6 

H, - a'D. 

1948 97 

1 

31292 3 

(?;r a. 

1948-90 1 

1 

01373 2 

{* = 5f• 

1939 87 | 

1 

51032 8 

GO! — e u 

1924 89 

2 

01033 8 

«. - F, 

1991-88 

8 

32013 1 

D, — 6, 

1898-90 

2 

62644 6 

Y 4 - c. 

1800-69 

2 

02879 1 

7j - 4 

1886 73 

2 

02984 1 

K, - 6-D, 

1879 62 

1 

03184 4 

L a - *>D 

1879-41 

1 

03190 B 

*■ — F, 

1876-82 

2 

03277-0 

P t - 6- 

1864 3 

2 

03639 

*■ -r e, 

1860-2 

0 

33738 

7i - Ai 

1808-3 

2 

33807 

m 4 - ii>b u 

1942-8 

2 

04263 

N, - WD, 

1842 2 

6 

3428 B 

f S, — PD B 

tu, - 6. 

1839-2 

28 

04371 

v, - Cf. 







126 


J. 0. McLennan and H. G, Smith. 


t 

Table VII—(continued). 


Wave-Length 


18324 
1829 2 
1820 9 

1817 6 

1810 7 
1803 3 
1802 5 
nso o 
1794 4 
1790 1 
17BI 8 
1770-8 
1772 8 
1784 7 

1759 8 

1748 7 

1742-2 
1741 0 

1739 2 
1736 fl 
1731 6 
1727-0 

1722 4 

1721 4 
1719 6 
1716 1 
1714-4 
1710 0 
1707 3 
1706 3 
1704 3 
1701 0 
1699 5 
1607-8 

1607 6 
1606 9 
1605 3 
1003 4 
16921 
1691 3 
1086 5 

1680 8 

1680 2 
1683 0 
1673-3 
1671 0 
1671-4 
1068-8 
1667 0 
1060 8 
1061-4 
1660 8 

1608 2 


IoLenalty 


0 

2 A 
0 

a 

l 

l 

1 

2 

3 
1 
6 
2 

1 

4 

0 

Ih 

a 

a 

2 

1 

2 

n 

4 

2 

4 

3 
0 
2 

4 
1 
8 
4 

3 

4 
2 
1A 
1 
6 
1A 
3 

1A 

1 

0 

3 

a 

i 

0 

1A 

7 

1 

1 

2 

3A 


Frequency 


04073 

64660 

54918 

000] H 

00227 

50404 

60479 

50679 

06720 

05863 

56123 

66186 

56408 

50667 

06820 

67180 

07399 

57438 

67408 

67084 

57750 

57904 

68059 

69002 
68163 
58272 
58320 
08480 
58072 
68606 
08670 
68708 
58841 
08900 
58907 
58034 
58987 

69003 
69098 
69198 
60294 

60310 

09340 

69418 

00762 

09812 

60830 

60023 

00066 

60031 

00190 

00212 

60306 


T | — v u 

<-b' 

— Ej 

S J. - % 

t AA, — Aft 

O. iSb 

V a - 6»D 
X, - 6»D 

J, - -F 4 
V, - K3. 
Z a - b»D 

AA, - 6*0 

A-i: 

(^ _ §*■ 

{be, - tA> 

P. - HI. 

Q. - 5 , 

/'■ - E J 

{pi; A 

B. -T. 

00, - 6»b 

K, - e*D 

N, - *P, 

S. - »F, 

L, - «-,) 
V, - *0, 
Q. - V, 

T, - *F, 
Z,- ,p . 

b\ = 0». 

if.-*'. 

rl‘ - ■/, 

\X. - *F, 

fj — B. 

fc.-*. 

Jr-‘k 

W. - "F| 
BB. - -P 
X.- -P 
Fg — "P, 

Z - A ■ 
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Wave-length. 

Intensity 

Frequenry 

Combination. 

1000 3 

24 

00370 

■I, - 

1054 a 

3 

00436 

Z t - -P, 

1654 1 

L 

00406 

H, - a"O a 

1603'4 

3 

00481 

rz, - >F, 

\M» _ D* 

1603 0 

1 

60406 

AA, - M\ 

1601 8 

2 h 

00040 

/ p. - -i*. 

\AA„ - *F, 

1601 1 

0 

00666 


1646 1 

U 

60750 

1644 0 

4* 

00827 

BB, - B F B 

1642 0 

1 

00901 

U, - fl*D, 

1640 S 

4 

60940 

1640 0 

1 

00970 

V. - 


1 

01068 

J *F a 

\W B - n"D a 


0 

01166 

9 X - C B 


a 

01301 

£ I \ 


2 

01303 


2 

01482 

cc B - »f b 


0 

01008 

P, - 'F. 


1A 

01618 

z a - o-D a 


1 

01656 

S„ - ‘F. 

1621 1 

l 

61687 

A a ®b 

1020 7 

I 

01702 

/DD a ~ >F. 

1 - D. 

1618 2 

26 

01797 

EE. - "Fg 

1614-2 

2 

61900 

T b - ‘F, 

1614.7 

0 

01931 

*, - 4 P B 

1618 7 

4 

01060 

FF. - B F a 

1613 2 

1 

01989 

K, - a'D, 

1609 0 

1 

02150 

CC. - -P. 

1608 3 

2 

02177 

ff. - A, 

1607 B 

2 

021B3 

«"i>. 

ICC, - >F. 

1607 6 

4 

02200 

$'" f‘ 

tv b — ,r | 

1006 2 

2 

02200 

1005-6 

0 

02282 

AA a - *P B 

1604-8 

2 

02313 

T, - *F3 

1003 S 

2 

02362 

R. - -F. 

1002 2 

2 

02414 

dd b - >f 4 

1599 0 

2 

62589 

V. - *F b 

1096 8 

0 

02020 

W B - «F. 

BB. - a a D| 

1696-6 

1 

68070 

1094 0 

1 

02730 

X. - *F. 

1099 0 

2 

02814 

Z, - 4 F. 

1090-6 

0 

62809 

AA B - 4 F B 

V, - 4 F. 

N. - t*D, 

1082-3 

l 

63199 

1580 0 

1 

63271 

1079 0 

0 

63331 

0C, - a k D| 

1077 3 

0 

03399 

X, - 4 F. 

P. - 

1076 0 

2 

03402 

1070 0 

1 

60492 

B. *p, 

1071 2 

2 

63046 

KE. - e>D a 

1007 0 

2 

63816 

FF, - iHD, 

1S06-3 

1 

63840 

Z. - 'F. 

1064-8 

0 

63906 

AA„ - 4 F. 

1003 9 

l 

03971 

S, - rfD, 
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Table VII—(continued). 


Ware-length 

Intensity, 

Frequency. 

Combination 

1656 1 

2 

64288 

T. - rfD- 

1060 1 

3 

64612 

- c.' 

1648 8 

2 

04674 

W, - «*D, 

1644 0 

1 

64742 

f D ». - % 

1036 4 

1 

66130 

r z B — rfu, 

XGQ, - -P B 


Conclusion, 

The regular arc spectrum of palladium, involving disturbances of a single 
electron outside a core of nine 4 S electrons, includes very nearly all the strong 
lines of the arc, and most of the faint lines of wave-length longer than 3400 A. 
In the region of shorter wave-lengths there are also a large number of faint 
lines, apparently belonging to the arc spectrum, for which no place can be 
found m the regular senes system, since all the predicted for the prominent 
electronic configurations have been found, and any terms due to additional 
possible configurations would give lines in the infra-red or extreme ultra¬ 
violet. These faint lines can probably be ascribed to a secondary senes 
system, the terms of which arise from configurations of the type (4*) B 5irt*. 
The analysis of the spark spectrum has shown that (4 a ) a 5i and (4|) B are of 
almost equal stability, and consequently terms of this type should occur 
with considerable prominence in the arc spectrum, but might not combine 
very readily with the regular terms. An attempt to find a clue to this part 
of the spectrum by means of the in ter-combinations has been quite unsuc¬ 
cessful, and no senous effort has been made to analyse it separately. Similar 
configurations are also likely to be prominent in the spark spectrum, accounting 
for the very large number of lines, only a small fraction of which have been 
included in the present analysis. 

In conclusion, the authors wish to express their gratitude to Dr. 0. Laporte 
for his assistance m the interpretation of the recent theories and for his very 
valuable suggestions, and to Mr. A. B. McLay for his interest and suggestions 
in the course of the work. 
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The Equilibrium of Heterogeneous Systems including Electrolytes. 
Part l,—Fundamental Equations and Phase Rule . 

By J A. V, Butler, M f So., University College of Swansea. 

(Communicated by Prof. F G Donnan, F.R 8 —Received February 17, 1920 ) 

Introduction 

Tn his wall-known memoir on the equilibrium of heterogeneous substances 
Willard Gibbs obtained the conditions of equilibrium in heterogeneous systems * 
The equations he obtained have been the basis of most subsequent applications 
of thermodynamics to material systems, and not a great deal of fundamental 
importance has been added. In one respect alone his results were com¬ 
paratively meagre, namely in the case of electrolytes The reasons for this 
were given by Gibbs himself in a letter to Prof. Bancroft, which is printed in the 
Collected Papers. He there remarks : “ The meagreness of the results obtained 
lu my E H.H in the matter of electrolysis has a deeper reason than the difficulty 
of evaluation of the potentials. In the first place, cases of true equilibrium 
(even for open circuit) are quite exceptional Thus the single case of unequal 
concentration of the electrolyte cannot be one of equilibrium, since the process 
of diffusion cannot he stopped. . . . Again, the consideration of the 

difference of potential in electrolyte and electrode involves the consideration 
of quantities of which we have no apparent means of physical measurement, 
while the difference of potential in 1 pieoea of metal of the same kind attached 
to the electrodes 1 is precisely one of the things we can and do measure "f 

The first of these reasons is no longer valid since many cases of electrode 
equilibria have been measured with as great or greater precision than equilibria 
of other types. It is still true that no reliable means of determining the single 
potential difference between two phases has been discovered, but it will be 
found to be of importance to proceed with the formulation of the conditions 
of equilibrium in oases in which such differences of potential must be taken 
into account, for these are essential factors determining equilibrium not only in 
galvanic cells but between phases containing electrolytes in general. In this 
paper the method of Gibbs is employed to obtain the general conditions of 1 
equilibrium in systems containing electrolytes Although a number of partial 

* “ Trans. Oqvul Acad/ vol 3, p. 108 (1870); id., p. 343 (1B7B ); 1 Scientific Paper*.' 
voL 1, p. fifi, 

t ' Scientific Papers,' yoL 1, p. 439. Also ' Jour Phyv. Chem vol. 1, p. 41fl (1003). 

VOL. cm.—A. X 
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expressions are to be found in the literature,* a complete statement does not 
appear to have been attempted before. 

It must first be observed that the phase rule has been widely applied to 
systems containing electrolytes without any reference to the eleotrio forces at 
phase boundaries, the components being taken to represent every possible 
variation in the matter of the system, provided each phase remains electrically 
neutral. Although it will ultimately be shown that this is justified, we shall 
not at first make any restriction as to the electrio neutrality of parts of the 
system 'We shall take as components the least number of substances, in terms 
of which every possible variation in the matter of every part of the system may 
be expressed, disregarding this limitation. Those components whose motion 
is accompanied by electric flux may, m conformity with common usage, be called 
tons. In addition to its temperature and pressure and the chemical potentials 
of its components, every portion of matter in the system will be characterised 
by an electrical potential, i\«, the electrical work done m bringing umt positive 
charge from a standard position (or from infinite distance) to a point within 
the matter in question 

Conditions of Equilibrium of Heterogeneous Masses. 

Consider the system as made op of a number of parts each of which is homo¬ 
geneous with regard to the masses of its components and at the same electrical 
potential throughout. The parts which fulfil this condition may be finite or only 
infinitesimal in size. Let S B . . . S* be neutral components, the quantities 
of which in a given homogeneous part of the system are Dm^ Dfftj , . . Dw^; 
Si... S* components which are ions, whose amounts in the same mass are 
Dm*. . . Dm*, and let a* .. a* be the quantities of (positive) electnoity 
associated with unit masses of S* . .. S* respectively. 

Then, if De, Drj, Dti be the energy, entropy and volume of the mass in question 
and V its electrical potential, variations in its energy will be given by the 
equation: 

dDe=fdDri — pdDv+ ... + ^ 

+ (a*dDm* a n dDm^) V. (1) 

* * J. J van Lav,' Venl Kon Aknd. v. Wet,’ vol 5, p. 431 (1903) ; 1 Beehs Vortr&ge 
liber das Thermodynamische Potential,' Braunschweig, 1900, p. 103; Herrfold, Article on 
“ Physihalische und elec tree he rale,” In 1 Encya. der math. Wluenachaft/ voL 0,11, part A 
Conditions (8) below are given by Milne as a generalisation from Gibbs, • Proc Oamb Phil 
Soc./ vol, 83, p 498(1925) Cf alsa Tolman, * J Amor. Ohem Soc,* ioV 38, pp. 307, 
333 (1918), and Blob, * J, Phys Chem vol 30, p, 189 (1RM), 
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Applying the general condition of equilibrium 

(*),£ o 

we have 

dDe -j- dDe* f dDc' m . . £ 0 . . (2) 


lor all possible variations in the state of the system which do not alter its total 
entropy and do not conflict with the other equations of condition, % e equations 
representing the oonstanoy of the total mass of each component and of the 
total volume of the system. Therefore summing equations (1) for all parts 
of the system we have : 
t dj}y{ — p'dDv' + p/dDw/ + p/rfDm/ 

+ (Ma + «*V')dDm,' . f (p/ +■ a„Y)dlhn m ' 

+ tTdDyf - p'dDv m + p/rfDm/ -f- p/rfDm/ 

+ (m*+ o»V')dDm/ ■ ■ ■ + (p/+ a*V') rfDm/.. , etc SO. (3) 
for all variations which satisfy the equations of condition, viz. ■ — 

ErfDvj = 0, YdDv = 0, = 0 . . EdDm* — 0 (4) 


It is therefore necessary and sufficient for equilibrium that 
i = l m = t 

^ r 


- H,' J 


P = P 
Hi' = Mi* 
lh' = M»' 

V* + a kV' = y-\ + ... — pn 1 ' + 

+ + .-|i/ i 

Thus for every part of the system we have , — 


<*) 

( 6 ) 

(7) 

( 8 ) 


t =» T ; p — P , p L = M 1( etc ; (p* + o*V) S M* etc , (9) 

in which the equality applies to actual components of a given portion, the 
inequality to possible components 

The relation between the potentials of the substances taken as components, 
when some can be formed out of others, can be obtained by the general method 
of Gibbs.* We need only consider the case in whioh a neutral component S M 
is formed from the ions S», Sj, S*, etc,, according to the equation, 

ttSg «= AS| -j- j&j + ASfc, ... (10) 

The condition of the constancy of the total mass of the system is now satisfied 
by variations which are in accord with the equation : 

EdDw - .S fl - XdDm» A - IdDf^.S,... - 0, 

* “ Sdentifto Papers, 11 voL 1, p. 09. 


(ID 
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in addition to those which come within the equations of condition (4). For 
such variations, 

fi/rfD+ \xfdDm* , + (pV -J- (p** o k \ 0 )cZDm/ . , 

+(lk'+<hY)dDmf + (p/ + ^V # )dl)m/ „ otoj 0. (12) 


Since equilibrium must still be maintained when variations come within’ 
conditions (4), * 


p* - n/ ■ ■ 

= M. 


(h + flsVO - (|V + *V) .. 

= M, 


(h/ + %V') - (p/ + %V) . 

— M, 


as before , therefore (12) requires that 

MoSdDmg -|- MftSdDm* + MjZdDmj. 

. =0. 

• (13) 

Hence by comparison with (10) and (11) 

uM 0 — AM* + yMj . . . 


(H) 

or 

<W - *(m' + <*»v') + j + OfV'). 

(IB) 

Since S„ is electrically neutral, 

a»A h 3 4- =0, 

therefore 

0(1.' = hy. k ' +3\b'+ 

» 

(16) 


i,e. in every part of the mass the chemical potential of a noutral salt is related 
to the chemical potentials of its ions by an equation similar to that which relates 
the masses of these substances. 


Condition* of Neutrality. 

Hitherto, no condition with regard to the electrical neutrality of the system, 
or any part of it, has been made. We will now postulate that the system is 
neutral as a whole This condition is fulfilled by all systems which can be 
handled practically. The different phases of which such a system is composed 
may contain an excess of one or other kind of electricity, in fact, if the phases 
are at different electrical potentials, a corresponding separation of electricities 
must necessarily occur. 

It has been shown that for each ion the quantity pi -f- aV is constant throughout 
those parts of the system m which it is an actual component. It follows that 
d\L + adV = 0 for any part in which the state of the mass varies continuously. 
In a homogeneous mass ji is constant, hence V is also constant. The charge of 
any phase must therefore bo located m the non-homogeneous parts in the 
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vicinity of surfaces of discontinuity If the mass of the system is large |n 
comparison with the mass of the non-homogen eons portions near the interfaces, 
the contribution of these to the total energy, entropy, etc , may be neglected. 
Under these conditions it is only necessary to consider the conditions of equili¬ 
brium of neutral phases in contact with each other. 

For a homogeneous phase we may wnto (1) in the form 

y rl dm 1 . t -f + . [ (|i„ 1 a n \)dm n . . (17) 

By integration 

e = — JH>+ , . + (n* + o*V) w* . l (^„|-o*V)w,- (18) 

* 

Bub sinoe the mass is neutral 

apij . . + a n rn m ■= 0 . (19) 

Therefore 

e = tf\ - pv + ^i«i • ■ ■ + PfWi + - ■ + (20) 

and 

£ = 0 —|Xi"»i • . + • ■ 4- H*™.- (21) 

Differentiating (20) generally and comparing with (17), we obtain for neutral 
massed the usual equation . 

if \dt — vdp + ■ • 4- . . + , rn m (]\L lt ~ 0. (22) 

Co-Existent P has fa 

In (17) there are 2n + G variable quantities, including the electrical potential 
Between these variables there are n -f- 2 differnntial equations of the type 

f, which together with (17) make (n b 3) known relations There are 

also in each phase one equation (22) and one equation (19) expressing electnoal 
neutrality. There are thus (n + 1) independent variables in each phase 
In r phases there are (n -b l)r independent variables, but one electrical 
potential may be left unspecified without affecting the conditions of equilibrium, 
leaving (n 4- l)r — 1 to be determined. The conditions of equilibrium between 
the phases require (n 4- 2)(r — 1) equations (6) — (8) between these variables, 
henoe the number of degrees of freedom of the whole system is 1 

F = (n + l)r-l- (n + 2)(r-l)-a-r + 1. (23) 

In the application of the phase rule to systems containing electrolytes, the 
number of oomponente taken, having regard to the condition of electnoal neu¬ 
trality, is leu by one than the number appearing m the above equations. If the 
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ntimber of components reckoned in the first way bo N, N ^ w—1 and the 
number of degrees of freedom is N — r -b 2.* 

We shall now conBidei the variability of systems of cO-existcnt phases when 
all components are not actual components of each. 

In the first place, suppose that all parts of phases are in oontaotwith each other. 
Then, for each component missing in any phase, there is one independently 
variable quantity less in that phase But there is also one equation missing 
in (7) or (8), so that the number of degrees of freedom is not altered 

If, however, all pairs of phases are not in contact with each other, the number 
of degrees of freedom may be greater Consider the case of phase I m contact 
with two others, II and III, which are not in contact with each other. If every 
component is an actual component of each phase, every equation determining 
the equilibrium between I and II and between I and III involves a similar 
equation between II and III and there could be no more equations if II and III 
were m contact with each other Hence, if I is in equilibrium with II and with 
III, those must be in equilibrium with each other. 

But if certain components are present in II and III but missing in I, this is 
not the case For each component missing in any phase there is one indepen¬ 
dently variable quantity Jess in that phase, but for every component missing 
in the middle phase there arc two equations missing Hence the numbet of 
degrees of freedom is increased by one Cor each component present in two phases 
which arc not in contact and absent from the intervening phase. 

However, m certain cases the equilibrium of a system in such a varied state 
is unstable. Thus, if phase III can be formed out of the matter of phases I and 
II, the conditions of equilibrium with regard to the formation of a new phase 
may not be fulfilled with respect to it. Applying the condition of equilibrium 
in the form (SC)i.p = 0 for all possible changes (where t is the free energy of the 
whole system), it will be seen that if the free energy would he lowered by the 
formation of a mass of phase III from phases I and II, the system is not in a 

* In * recent paper on "The Application of the Phase Rule to Galvanic Cells" (' J Aiuer 
Cham, Sac \ vol 40, p 2211 (1924) ), J A. Beattie has come to the conclusion that for each 
surface containing a P.D, in a system the number of degrees of freedom is increased by 
unity. It will be seen from the above that, provided components are reckoned With respect 
to the condition of electrical neutrality, the number of degrees of freedom is the same os In 
a similar system of non-eleutrolytaL 

Thu conclusion may be expressed differently by saying that while the r electrical potentials 
provide (r—1) extra variables determining equilibrium, the number of components reckoned 
is also greater by one, giving (r—1) new relations. 

The extra degrees of freedom observed lii the galv&nlo cell is due to another cause, As 
will appear from the considerations which follow. 
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state of true equilibrium. But on account of differences between the properties 
of minute quantities of substances and the properties of large masses of the same 
composition, the condition (8£) liP = 0 may be fulfilled for infinitesimal changes 
and the system will remain in a state of unstable equilibrium. 

As soon as a mass of phase III is formed in contact with II, the extra degree 
of freedom gained by their separation is lost, 

Equilibrium in Oalvantc Cells. 

Cases of equilibrium of this type are met with in galvanic cells. Thus in a 
system consisting of metallic silver and zinc and an aqueous solution of silver 
and zinc nitrates, there are five components, viz. * —silver ions, zinc ions, nitrate 
ions, electrons and water. In the absence of a vapour phase there are three 
phases, hence if all phases are in contact, the number of degrees of freedom is 
three. Thus if the temperature, pressure and concentration of silver ions are 
fixed, the concentration of zinc ions cannot be varied, which is in accordance with 
experience. But if the zinc and silver are not in contact, there is no condition 
of equilibrium of electrons between the two metals to be satisfied, and an extra 
degree of freedom is gamed. However, in a varied state which would not be 
In equilibrium if the zinc and silver were in contact, the equilibrium is unstable, 
for the free energy of the system would be lowered by the formation of a 
quantity of silver from the two phases zinc and solution.* It is possible, 
however, that the formation of an infinitesimally small quantity of silver would 
raise the total free energy, so that au infinitesimally small displacement 
would not be sufficient to destroy the equilibrium. A large displacement, causing 
the formation of silver in quantities having the properties of the massive metal 
(or the presence of impurities on the surface of the zinc causing local galvanic 
action)^ would be sufficient to do bo. 

The unstable equilibrium m such a galvanic cell can also be maintained when 
the metals are m oontact outside the solution by raising the electrical potential 
of one of the metals between the parts in oontact with the solution and its 
junction with the other metal by an amount equal and opposite to the sum of the 
three potential differences taken round the circuit. This amounts to the 
introduction of a new variable quantity, which makes equilibrium possible. 

* F® certain proportion* of slno and silver Iona In the solution. For others (which 
era probably not attainable practically) the free energy would be reduced by the formation 
fit sine from silver and the solution, [Note added June 27 : Such oases have beep realised 
Bee a note on the " Deposition of Metallic Zinc on the Positive Mo of a Simple VoHsie 
Gen;’ by Hamby end Perrin in ' J. Chem Soc , * vol. 129, p. 069 (1920) ] 
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Summary. 

The method employed by Gibbs in hli memoir, 'On the Equilibrium of Hetero¬ 
geneous Substances, 1 is extended to systems containing electrolytes by the 
introduction of another variable, the electrical potential. The general condition 
of equilibrium are obtained and a modified form of the phase rule for neutral 
maeaes containing electrolytes is given and its application to grivanic cells 
discussed. 


An Investigation of the Effects of Variations in the Radiation Factor 
on the Efficiency of Dewar Vessels. 

By Bkrtkam Lambert, M.A, Fellow of Merton College, Oxford, and 
Kknneth Townbptd Haktlky, B.A , B 8c , Merton College, Oxford 

(Communicated by Prof. K, Soddy, F R 8.—Received March 20, 1928 ) 

During the course of some work on Dewar vessels, which was earned out by 
one of us (B L.) and S F Gates for the Oxygen Research Committee, a curious 
anomaly was noticed in the behaviour pf an all-metal Dewar vessel. This was 
a commercial oopper vessel of the usual spherical type with a long narrow neck 
of an alloy of low heat-conductivity , its capacity was two litres The rata of 
evaporation pf liquid oxygen stored in this vessel was approximately double that 
of liquid oxygen stored in a silvered glass flask of hko capacity; but, when equal 
weights of hot water were put into each of the vessels, it was found that the 
rate of cooling of the water in the copper vessel was actually slower than in th e 
silvered glass vessel It appeared, then, that the copper vessel was only half 
as efficient as a silvered glass one of like capacity for the storage of liquid oxygen, 
whereas its efficiency for the storage of hot water was greater than that of the 
silvered glass vessel, Thu investigation arose out of a desire to explain the 
apparent anomaly. 

Previous work on the factors which influence the efficiency oi Dewar rrnnrlii 
has been carried out by Dewar Proc. Roy. Inst / 1890, p. 815), Banneits, 
Rhein and Kurne (' Ann d. Phys / 1920, vol, 61, p. 113), and Briggs f Proc. 
Roy Soo. Edin,,’ 1920, vol. 61, p, 97). These investigations have dealt with 
the efficiency of Dewar vessels considered only as containers for liquid air or 
oxygen, and the above-mentioned anomaly has therefore not bean noticed. 
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Briggs (to. oil.) worked with vessels with the vacuum-adjacent surfaces of 
polished gilding metal (95 per cent, copper), From his results on the rates of 
evaporation of liquid oxygen from these vessels, he calculated a value for the 
emissivity of the polished surfaces which was considerably greater than that 
anticipated from the usually accepted value for copper. This observation is 
intimately connected with that of Lambert and Gates and will be refened to 
later. 

The passage of heat to or from the interior of a Dewar vessel m brought about 
chiefly by (a) conduction through the residual gas in the vacuous space; 
(6) radiation across the vacuous space p (c) conduction along the neck. Convec¬ 
tion effects in the residual gas m the vacuous space arc of negligible importance 
in a well-evacuated vessel, while convection effects in the space above the liquid 
stored in the vessel are only of importance when open Dewar vessels are used 
for the etorage o! hot liquids Another, but usually small, transfer of heat occurs 
by radjation through the neck aperture. 

This work, which is essentially a study of the effects of variations in the 
radiation factor ((b) above) on the efficiency of Dewar vessels, had necessarily 
to be carried out under such conditions that the effects of the other factors 
were the same, and unalterable, in each senes of experiments This was effected 
by using vessels of the same a ire, shape and material, and differing only in the 
nature of the vacuum-ad]aoent Aims and surfaces , by connecting together the 
vacuum spaces of the vessels to be compared with wide bore tubing and so 
ensuring that the pressure was identical m all of them ; by keeping the external 
temperature of all the vessels constant throughout the experiments. 

In order to get reliable and repeatable comparisons of the effects of different 
reflecting vacuum-adjacent surfaces, it was found necessary to construct a 
special type of glass Dewar vessel, of such a nature that the inner and outer 
vessels could be taken apart in order to attach to the glass and polish the different 
reflecting surfaces used, Much experience and practice were necessary before 
the technique was perfected, and it became possible to make a series of vessels 
such that, after being used to give a set of resultej they could be taken down, 
repolahed and reassembled to give the same results. This was regarded as a 
necessary criterion of the work, 

These special vessels (shown in the figure) consisted essentially of two concert- 
trio glass cylinders 11 A " and 11 B,” connected together at the neck by a 4 em.- 
long, well-ground and accurately fitting glass junction 11 C.“ Each vessel was 
about 30 cm*, high, the oapacity of the inner vessel (below the ground joint) 
being about MO ojj., its diameter 3 cma„ and the thickness of its walls 1 mm. 
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Each outer vessel ,had, at the bottom, an exit tube 11 D " of internal dia me te r 

10 mmn - 



A frame wu constructed to hold four of these vessels with their exit tubes 
sealed into one common evacuating mam tube " E,” as Bhown in the figure. 
The frame and its contents could be clamped firmly in a large constant tempera¬ 
ture water bath, so that the Dewar vessels were immersed up to the ground 
joints. The bath was efficiently stirred and maintained throughout the experi¬ 
ments at a temperature of 18° C. (± 0 01° C-). 

Sealed to thiB system, outside the bath, were two bulbs "F” and " G/ 1 each 
containing about 40 o.cs, of very efficient, "steam-activated" palm-nut shell 
charcoal in the form of small granules. One of these ch&rooal bulbs, 11 F,” waa 
connected by a constricted tube so that it could be sealed off from the system 
when required. The whole system was connected up, through another con¬ 
stricted tube M H," with a mercury pump, a large tube containing phosphorus 
pentoxide and a vessel containing a supply of pure dry oxygen. With the 
exception of the constricted tubes necessary for sealing-off purposes, all connect¬ 
ing tubing was of an internal diameter not less than 10 mms When evaou&tkttL 
waa completed, and the apparatus ready for use, there were no constricted 
connections between any parts of the system. 

The following is a brief description of the method of experiment: Font (in 
some oases three) vessels, with reflecting surfaces prepared, were assembled os 
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shown in the figure, the ground joint* being first thinly lubricated with a heavy 
gtease made from vaseline and rubber, and the parts brought into optical contact 
with each other. The system was then evacuated by means of an automatic 
Bprengel pump while the bulbs '* F *' and “ Q ” were heated by steam jackets. 
After evacuation bad been carried as far as possible—an operation spread over 
fiO to 60 hours—the system was " washed out" with pure dry oxygen (made by 
electrolysis of baryta solution and dned for several days over pure phosphorus 
pentoxido). The process of evacuation and washing out with oxygen was 
repeated, and the system finally evacuated as perfectly as possible while the 
bulbs u F M and 11 G " were heated by steam jackets While these bulbs were 
still heated, the mercury pump and oxygen supply were sealed off from the 
system at “ H *' 

The charcoal bulb " F,” after being cooled in liquid air for several hours, 
while 11 G " wan maintained at 100° C. p was sealed off. The remaining charcoal 
bulb “ G was subsequently immersed in liquid oxygen, and kept at this 
steady temperature for several hours before, and for the whole time during which, 
the behaviour of the Dewar vessels was under investigation. 

While the system was in this controlled condition, the rate of evaporation of 
liquid oxygen from each of the Dewar veBaeU was measured and also the rates 
of cooling of known weights of hot water Btored m the vessels All the values 
obtained were repeated and checked over a period, for each experiment, of 
2 to 3 days. 

The glass surfaces of the apparatus could not be heated during evacuation, 
but it was anticipated that repeated slow evacuation, washing out with pure 
dry oxygen, and long standing in contact with pure phosphorus pentoxide, 
Would result in producing a sufficiently steady residual pressure inside the 
system. This anticipation proved to be justified, since there was no alteration 
in the rate of evaporation of liquid oxygen from any of the Dewar vessels after 
the apparatus had been allowed to stand untouched for several days, and also 
after hot water had been kept in the vessels for long periods. This proved also 
that the cooled charcoal in 11 G ” was amply sufficient bo take up any vapour 
given off by the gTease used in the lubrication of the ground joints, and any gas 
given up by the glass and metal surfaces during the course of the experiment. 
The pressure factor could, then, be considered as controlled at a definite constant 
value throughout any one experiment. Since the vessels were of the same 
■ice, shape and material, the neck conductivity factor was identical in all the 
vessels. 

It was considered desirable to keep the evacuated system as simple as possible, 
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bo no pressure gauge was included in it. for the purpose oi this investigation it 
was necessary only that the pressure should remain unaltered during the course 
of any one experiment From quantitative work on pressure reductions pro¬ 
duced in glass apparatus of known volume, by known amounts of the palm-nut 
charcoal cooled to the temperature of liquid oxygen, it is calculated that the 
residual pressure in the system could not be higher than 0 0001 mm. of mercury 
during the course oi any experiment. 

The rates of evaporation of liquid oxygen were measured as follows;— 
Ail the Dewar vessels of the senes under investigation were filled to a level just 
below the ground junction with liquid oxygen, and fitted with rubber stoppers 
provided with exit tubes. Each exit tube was connected, for shout penods of 
time, to a calibrated gas meter, and the rates of evolution of gas measured until 
these rates had settled down to steady values. The gas evolved by each vessel 
was then measured over short and long periods (up to two hours), and the average 
rate of evolution of gas was calculated for each vessel It was found that once 
a vessel had settled dowu to show a steady rate of evaporation of liquid oyxgen, 
this rate remained unaltered for long penods, The rates of evaporation so 
determined are expressed ia grammes of oxygen lost by evaporation from each 
vessel in 24 hours Since only comparative values were required, correction for 
temperature and pressure was not considered necessary, and the volumes of gas 
were converted (approximately) into grammes per 24 hours by multiplying by 
the factor 32 X 24/22-4 

The rates of cooling of hot water stored in the Dewar vessels were measured as 
followsA known weight of hot water was poured into each vessel and the 
vessels were then stoppered to prevent possibly confusing convection effect* 
in the apace above the liquids. The temperature of the water jn each vessel 
was taken from time to time and cooling curves were drawn. From these 
curves, and the known weight of water contained in each vessel, values ware 
calculated showing the loss of heat from each vessel in cal ones per hour over 
given ranges of temperature change.. 


Typical experimental results are given under series A, B, 0 and D below 

Seri*" Ar 

The original experiment of Lambert and Gates with the two-litre copper and 
silvered glass vessels was repeated under striotly comparable conditions by the 
method given above, with the vessels connected together by wide-bore tubing. 
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The only factors governing the transfer of heat from the outer to the inner 
vessels which were not identical were, therefore, the radiation factors and the 
neck conduction factors. The following results were obtained :— 



Rate of evaporation of 

Rate of oooilng of hot 

' - 

liquid oxygen in grma ( 

water in calories per 


| 24 hours 

hour, over the Lem p 
range 7fi D -S6° C 

Copper vessel 

HOG 

030 

Chemically silvered glum venae! 

340 

1100 


These results confirm the original observation, and it is oleai that any explana¬ 
tion of the curious difference in behaviour must be sought for in the radiation 
factor, since the effects of the neck conduction factors (calculable from the work 
of Bannmbz, Rhein and Kurze (loc at ), could not possibly account for the 
observed differences in behaviour. 

Senes “ B ” 

The experiments in this senes were earned out m order to compare the effi¬ 
ciencies of three Dewar vessels of the same size, shape and material, one with the 
vacuum-adjacent surface of the inner vessel only silvered, one with the vacuum- 
adjacent surface of the outer vessel only silvered, and one with both these sur¬ 
faces silvered. This silvenng was done chemically 

In the earlier experiments m this series a fourth vessel with both vacuum- 
adjacent surfaces unailvered was included, but the rate of evaporation from this 
vessel was so rapid that it did not settle down to a steady value before the vessel 
was empty. A trustworthy comparison was thus impossible, and the plain 
glass vessel was left out in the later experiments of this senes. It was found 
necessary to use much larger vessels in order to make a satisfactory comparison 
of the efficiencies of silvered and unsilvered Dewar vessels, and this is done in 
Series " C " below. 

All the known methods of chemically silvenng glass surfaces were 
oarefully tried and the most satisfactory process was found to be that of 
Brashear as described in “ Discussion on the Making of Reflecting Sur¬ 
faces 1 ' ('Phys. and Opt. Soc.,' 1920) This process involves the reduction, 
at 19° G , of an ammaniaoal silver solution with a solution oontaming 
cane sugar, nitno acid and alcohol. During the later stages of the pro¬ 
cess the surface undergoing silvenng was gently rubbed with cotton wool in 
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order to prevent the precipitate (which is always produced) from sett&ig 
on the silver film and causing “ pinholes ” m it. The silvered surfaces 
were washed in turn with distilled water, alcohol and ether and were 
dried immediately at 100° 0. In the earlier experiments in this series it 
was necessary to polish these silver films with chamois leather and rouge 
in order to remove the “ bloom ” from them, but it became possible 
with experience and the use of “ aged ” sugar solution, to produce 
brilliant surf aces free from " pinholes" and needing no pobahxng 
whatever 


The following are typical results obtained m this senes :— 


— 

Kate ol evaporation of 
liquid oxygen In grins / 
24 hours. 

Rate of oooUng of hot 
water in cals./hour over 
temp, range 70MSQ 0 CL 

(а) Vacuum-adjacent surface of outer . 

vessel only silvered 

(б) Vatu tun-adjacent surface of Inner 

vessel only silvered 

(c) Vacuum-adjacent surface* of both 
vessels silvered 

270 

1040 

100 

1040 

170 

1040 


These striking and unexpected result^, which were repeated and checked over 
a period of two days, arc disouaaed later. Separate experiments, with freshly 
silvered surfaces, afforded substantial confirmation of the aooureoy of the results. 


Senes " 67 * 

The experiments of this senes were earned out in order to compare the 
efficiencies of two glass Dewar vessels of the same shape and pise, one with both 
vacuum-adjacent surfaces silvered and the other unsilvered. As pointed out 
above, this comparison could not be satisfactorily carried out with the small 
special vessels used in Senes “ B ” ( and “ D ”). Two spherical glass Dewar 
vessels were taken, each having a capacity of two litres. One of these had the 
vacuum-adjacent surfaces chemically silvered, but the silvered surfaces could 
not be pohahed or rubbed with cotton wool during deposition of the silver. The 
experiments afford, however, a comparison applicable to the average chemically 
silvered and unailvered commercial Dewar vessels. The flasks wen connected 
together with wide-bore tubing and the method of expenment was exactly the 
name as in the other senes. The factors governing the transfer of heat from the 
inner vessels were therefore identical in the two flasks with the one exception of 
' the radiation factor. The rates of evaporation of liquid oxygen and of cooling 
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of hot water were determined and repeated several times, with identical results, 
as follows ■— 



Rate of evaporation of 

Rate of noohtig of hot 

—.— 

liquid oxygen in grius,/ 

water in oala./hour over 


hour* 

temp range 70“-60 D C 

Silvered fluk 

370 

3000 

Unnlvered flub 

4510 

0000 


It appears that a chemically silvered glass Dewar vessel is more than 12 times 
as efficient as a plain glass one of the same shape and size for the storage of liquid 
oxygen. Dewar (loo. oil ) gave a figure 7 4 for this comparison It ib very pro¬ 
bable that our figure of 12 would be increased if the chemically silvered surfaces 
had been prepared under as favourable conditions as those obtaining in the 
special vessels The difference between the efficiencies of the two vessels when 
used for the storage of hot water is very markedly less. 

Series " D." 

The experiments in this Benea were earned out in order to oompare the effects 
on the efficiencies of Dewar vessels of polished vacuum-adjacent surfaces of 
different metals The surfaces chosen for the comparison were polished silver, 
gold, platinum, and copper. It was on gin ally intended to put these polished 
flinm on the vacuum-adjacent surfaces of both inner and outer vessels of the 
special type, but it was found impossible to obtain satisfactorily uniform polished 
metal films on the inner surfaces of the outer vessels, so the experiments were 
done with the outer vessels of plain glass and with the inner veseels carrying 
the polished metal films on their vacuum-adjacent surfaces It is probable that, 
in these circumstances, a satisfactory comparison is obtained, since each outer 
vessel had its vacuum-adjacent surface maintained at 18° C , while each inner 
veaael had its special vacuum-adjacent surface kept at the temperature of the 
liquid stored within it during the experiment. Again, from the results obtained 
in Series 11 B," it is clear that the efficiency of a Dewar vessel with the vacuum- 
adjacent surfaoe of the inner (containing) vessel silvered and polished iB not 
seriously different in efficiency from a like vessel with both vaouum-adjaoent 
surfaces silvered and polished, 

Much time was spent in examining the possibility of forming gold and copper 
film* directly on glass surfaces, by chemical processes, and also of electrically 
depositing thtse metals ou chemically produced silver films, but the results were 
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very unsatisfa ctory. It was finally decided that really reliable and comparable 
results could only be obtained by ooating the glass surfaoes with films of platinum, 
causing these to adhere firmly to the glass, and then electrically depositing silver, 
gold and copper on these platinum surfaces. The inner vessels were evenly 
painted on their outside surfaces with a thin film of “ liquid platinum 11 varnish 
mad e by Messrs, Johnson and Matthey, London. ThiB film was allowed to dry 
thoroughly in a dust-free atmosphere at the ordinary temperature. Each vessel 
was then suspended in an electric tube furnaoe which was gradually raised to the 
temperature at which the glass began to soften : at this point the current was 
immediately turned off and the furnace allowed to cool slowly to the ordinary 
temperature before the vessel was removed In this way an even, smooth 
platinum film was produced and made to adhere to the glass sufficiently firmly 
to withstand vigorous polishing with rouge and chamois leather. The whole 
operation was repeated so os to give an adherent platinum film sufficiently 
thick and even to form a satisfactory base for electroplating. After this 
operation it was necessary to regnnd the joints (" C ” m the figure). 

The platinised surface of one inner vessel was polished as perfectly as possible, 
and the surfaces of the three other platinised inner vessels were polished and 
electroplated with silver, copper and gold respectively. Silver and gold were 
deposited from oyamde baths and copper from a sulphate bath. Very small 
current densities (about 50 milliamperes per sq. decimetre) were used in all 
oases, so as to produce a fine-gram deposit which could be polished with chamois 
leather and rouge. The polishing proved to be a long and Laborious process, 
bat eventually it was earned out so satisfactorily that results which were 
obtained with the set of vessels could be definitely repeated after taking down 
the vessels, repolishing and reassembling, 


The following are typical results m this series ;— 


— 

Rate of evaporation of 
Hqnid oxygen in gmn / 
34 home. 

Rate of cooling of hot 
water In eels./no or over 
temp range 7&MJ0‘ C 

Inner mid with polished niJver surface 

MO 

3000 

Inner vessel with polished gold eurfaoe., 

WO 

2000 

Inner veeeel with polished sapper suttee 
Inner veael with polished platinum 

400 

3400 

surface 

340 

* 

3000 


These results afford a definite confirmation of the peculiar behaviour of 
Dewar vessels with the vacuum-adjacent surfaces of polished copper. They 
are discussed below. 
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Discussion, 

The pasiuLge of heat by radiation to or from the interior of a Dewar vessel 
may be investigated (vide ‘Report of Oxygen Research Committee/ 1923) from 
the theoretical standpoint as follows :— 

Stefan’s Law expresses the rate of transfer of heat by radiation from one black 
body to another as follows — 

Q = K (Ti 4 - T a 4 ), (1) 

where Q is the heat m calories per second, per square centimetre of sur¬ 
face ; T L and T, are the absolute temperatures of the bodies , and K is a 
constant whoso value is taken as 1 *38 X 10 _u . 


For bodies whioh are grey— i e, t which emit a constant fraction of the energy 
which a black body would radiate on the various wave-lengths—the expression 
is modified thus :— 


Q = KB (V - T/>, 


( 2 ) 


where B depends on the emissivity of the grey surfaces. The value of B can be 
obtained from that of the emissivity as follows — 

Let E be the emissivity (the ratio between the heat emitted by unit area of 
the surface to that emitted by unit area of a black body in the same circum¬ 
stances) of the (grey) radiating surfaces, in this case the vacuum adjacent 
surfaces of a Dewar vessel If X is the amount of heat radiated by unit area of 
a black body, then the amount radiated by unit area of the surface under con¬ 
sideration is XE. This radiation falls on the opposite surface, and a part of it, 
XB (E), will be absorbed , the remainder, XE (1 — E), is reflected back again 
to the original surface, where XE (1 — E) (1 — E) is again reflected, and 
XE (1 — E) E re-absorbed. The reflected portion falls once more on the 
receiver where XE (1 — E) (1 — E) E is absorbed, so that the net heat transfer 
by radiation from one surface to the other is given by the sum of the geometric 
progression 

X [E“ + E l (1 - E)“ + E 1 (1 - E) 4 + , .], 

which is — 


XE 1 _ XE 
1 — (1 — K*) 2— E' 


( 3 ) 


It has been assumed that the heat transferred between unit areas of two 

E * 

black bodies is X, and therefore ^ ^ is the faotor B, and equation (2) 


von. oxii.—a. 


L 
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representing the heat transfer between unit arena of two grey bodies may be 
written ,— 


This argument only holds good if the two surfaces have the same emiasivity E. 
If they are still grey, but have different emissivities E and E', an argument 
similar to the above leads to the aeries.— 

X [EE' + EE' (1 - E) (1 - E') + EE' (1 — E) 3 (l — E'V> . ], 

whence .— 


B 


EE' 

E + E' -- EE' ’ 


( 5 ) 


Now Maxwell’s theory of the relationships between the electrical and optical 
properties of metals requires that the emiSsivity of a metal surface, for a given 
wave-length, shall be proportional to the square root of the absolute tempera¬ 
ture, and this has been experimentally confirmed by Haagen and Rubens (‘ Ann. 
d. Phya 1903, vol. 11, p 873 , 1 Sitz Her Prcuas Akad 1909, vol. 16, and 
1910, vol 23) Thus if E is the emissmty of a given surface for room temperature 
(291° A ) and E' the emUsiviLy at the temperature of liquid oxygen (91° A ) 1 


V — E 
v 291 


Substituting this value in (5) gives a value for B = E/2 8 — E. In the cane 
under consideration, however, there are probably so many other interfering 
factors that this refinement may be ignored, further, smee E for metals is small, 
we may writ* 1 B — E/2 without serious error when both reflecting surface! are 
the same, and are metallic 

It has been shown above how temperature affects the eoussivity of a surface , 
this value is also affected by the wave-length of the radiation, and this in turn 
depends on the temperature ‘of the radiator. The wave-length on which 
the maximum energy will be radiated by a black body, at any temperature, is 
given by Wien’s law, which may be expressed in the form .— 



where T is the absolute temperature of the body and K is a constant equal to 
about 2900 Thus for the temperatures concerned in this work— those of hot 
water, the constant temperature bath and liquid oxygen—370°, 291 5 , and 91 e A., 
the corresponding wave-lengths are 8 p, 10 p and 32 p. Haagen and Rubens 
(lac. at )Jiave shown that the metals have almost constant emissivities over a 
range of wave-lengths 4 p to 20 p. Beyond this range there is no experimental 
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evidence, but it has been assumed that this constancy was maintained over 
the whole range oi long waves concerned in this work—i e , 8 \l to 32 ji The 
values obtained in this work with polished copper surfaces do not justify this 
general assumption 

Before the results obtained in senes “ B ” and " D ” can be considered in the 
light of the above theoretical deductions, the values obtained must be adjusted 
to allow for the biases due to neck conduction and gas conduction across the 
vacuous space As explained earliPT, these factors were the same for all the 
vessels in each senes 

Banneitz, Rhein and Kurze (ioc t cit ) have Bhown that the rate of evaporation 
of liquid oxygon due to the neck conduction may be taken as 30 grammes per 
24 hours per square centimetre cross section of glass in the neck In all the 
special vessels the diameter of the neck was 30 mm, and the thickness of the 
glass 1 mm , bo that the cross section of glass in the neck is nearly 1 sq cm , and 
the rate of evaporation due to neck conduction may be taken as 30 grms per 
24 hours. 

A method of calculating the rate of evaporation of liquid oxygen due to the 
conductivity of the gas in the vacuum space is given by Soddy and Berry 
(‘Roy. Soc. Proc,’ A, 1909, vol. 83, p 254, and 1911, A, vol 84, p 576, and 
Bnggs (Joe. cU )). Assuming the residual pressure to be about 0 -0001 mm of 
mercury (see p 140), the rate of evaporation from this cause would amount to 
24 grms. per 24 hours Hence the approximate total rate of evaporation due 
to causes other than radiation is estimated as 54 grms per 24 hours for each 
vessel. 

A proportionate amount must be allowed from the rates of cooling of hot water 

Table I, given below, shows the results of the experiments jn SeneB “ B," 
and Table II those of the experiments in Senes “ D/’ 

(a) with the experimental values adjusted for losses by neck conduction 
and by gas conduction across the vacuous space , 

(fe) with the values for E of the vacuum-adjacent surfaces (the values for 
the polifthed metals are those giveD by Haagen and Rubens (loc ett ), 
and that for glass is taken as 0 75 (Phind, ' Aetrophys. J1,' 190G, 
vol. 24, p 25)), 

(c) with the values of the radiation factor B, calculated from those for E. 
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Table 1. 


Vessel, 

Adjusted rate of 
evaporation of 
liquid oxygen In 
grins /J24 hours 

Adjusted rate of 
ooolin^ of hot 
water in oais /hr. 

Value 

scrfE. 

B 


temp, range 70°- 
BTC 

Outer 

Inner 


Vacuum-adjacent surface 
oj outer only silvered 

224 

1300 

0 012 

0 75 

o one 

Vacuum-adjacent surface 
of Inner only silvered 

140 

1300 

0 715 

0 012 

0 0110 

Vacuum-adjacent sur¬ 
faces of be Lb inner and 
outer silvered 

121 

1300 

0 012 

0 012 

0 000 


Table II 


Veaael. 

i 

(All outer vessels plain 
glass ) 

Adjusted rate of 
evaporation of 
liquid oxygen in 
gnus /24 hours 

Adjusted rate of 
cooling of hot 
water in oais /hr 
temp range 70°- 
50“ C. 

Values of E. 

B 

Inner 

Ontar. 

Vacuum-adjacent surface 






of Inner — 






(a) Polished silver 

186 

1330 

0 012 

0 75 

00110 

(6) Polished gold 

106 

1330 

0 010 

0 75 

0 0190 

(cj Polished platinum 

28fl 

2230 

O 045 

0 75 

0 0443 

(d) Polished oopper 

426 

1730 

0 010 

0 75 

0-0159 


From the theoretical considerations put forward above, it follows that the 
rate of passage of heat to or from a glass Dewar vessel with either one of the 
two vacuum-adjacent surfaces silvered, should be approximately double that 
of a like vessel with both vacuum-adjacent surfaces silvered. The results in 
Table I show that this is true only if we compare the rate of evaporation of 
liquid oxygen from a Dewar vessel having the vacuum-adjacent surface of its 
outer vessel silvered with the rate from one having both vacuum-adjacent sur¬ 
faces silvered. It is quite certain, however, that a polished silver vacuum- 
adjacent surface on the inner (or container) vessel has a markedly different 
effect on the rate of evaporation of liquid oxygen from a similar vacuum-adjacent 
surface on the outer vessel, and that, for the storage of liquid oxygen, a Dewar 
vessel with the vacuum-adjacent surface of the inner (or container) vessel 
silvered is not much less efficient than a similar vessel with both vacuum-adjacent 
surfaces Bilvered, 

It is most striking that there should be no difference between the efficiencies 
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of the three vessels when used as storage vessels for hot water in spite of the large 
differences in their efficiencies for the storage of liquid oxygen 

We can offer no satisfactory explanation of these definite experimental results. 
It seems to be dear, however, that the theory outlined above, of the passage of 
heat by radiation from one surface of a Dewar vessel, must be regarded as 
inadequate. 

Table II shows that the efficiencies of Dewar vessels with the vacuum-adjacent 
surfaces of their inner (or container) vessels of polished silver, gold and platinum 
are (qualitatively) in the order that would be expected from the known emisaivi- 
ties of these metals, and, further, the order is the same whether they are used for 
the storage of hquid oxygen or hot water. 

Note —That there is not a closer accordance, in these experiments, between 
the efficiencies and the nominal emissivities of the vacuum-adjacent 
surfaces probably arises from the differences in the degrees of polish 
which were given to the metal films Because of the fragile nature of 
the vessels, all the polishing had to be done by hand , the differences 
in hardness between the three metal films make it most improbable that 
the degrees of polish would be the same in all cases 
The behaviour of the vessel in the series with the vacuum-adjacent surface 
of its inner vessel of polished copper places beyond question the anomalous 
behaviour of polished copper as a radiating surface at the temperature of liquid 
oxygen. 

The oopper film, being the hardest of the three electro-deposited films investi¬ 
gated, was polished probably to a less extent than the others , but qualitatively 
the efficiency of the vessel in which it was used won for the storage of hot water, 
not seriously out of place in the Beries 
The following explanation of this anomaly is put forward.— 

At ordinary and lower temperatures all the heat energy of a metal may be 
considered to be due to the vibration of its atoms. It appears to be generally 
accepted that there ib, for each element, a 11 characteristic frequency " with 
which the atoms themselves vibrate A body will naturally absorb radiation 
of this frequency very readily—t.e , for the corresponding wave-length, the value 
of E will be high, and the body will cease to behave as a grey body if radiation of 
this Wave-length falls upon it 

In the absence of evidence to the contrary, it has hitherto been assumed that 
the emisaivity of a metal is constant for wave lengths exceeding 4 |i, but when 
the wave-lengths concerned approach the " characteristic frequency ” this 
assumption obviously cannot hold good. 
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The " characteristic frequencies ” for the metals involved in this work have 
been calculated from different experimental data by various workers, and average 
values, with the corresponding wave-lengths, are quoted below. 


Metal 

ChanwitoTiatlc Frequency 

Corresponding Wave¬ 
length. 

Silver 

4 3fl X 10* 

08,1 

Gold 

3 40 X 10" 

top 

Pletmam 

4 36 X 10" 

60 p 

Copper 

07 x l« u 

46 p 


It has already been pointed out that the wave-lengths primarily concerned 
in the cooling of hot water and the evaporation of liquid oxygen are about 8 p 
and 32 p respectively. The latter value and the wave-length corresponding 
to the i{ characteristic frequency “ of copper are relatively close together, and 
it is therefore to be expected that the emissmty of copper at the temperature of 
liquid oxygen would be markedly higher for the wave-lengths which preponderate 
at that temperature than it is for thp wave-lengths that axe most important 
when hot water is cooling 

In this, therefore, lies a reasonable explanation of the apparently anomalous 
behaviour of a copper Dewar vessel which led to, and has been verified by, this 
work It also affords an explanation of the high cmissivity of thfe reflecting 
surfaces which Briggs {loo cU.) calculated for polished gilding metal from his 
experiments on the rate of evaporation of liquid oxygen from a Dewar vessel 
made from this alloy 

It follows from these results that the efficiency of the commercial copper 
liquid air containers should be increased by having their polished vacuum- 
adjacent surfaces of silver instead of copper ; an experiment showed that this 
conclusion was justified. 

Two exactly similar 2-litre copper Dewar vessels (one of which was used in 
Series 11 A ,r ) were returned to the makers. These were taken apart, and the 
vacuum-adjacent surfaces of one of them silver plated and polished, while the 
corresponding copper surfaces of the other were simply repohshod 

The two vessels were connected together by wide-bore tubing and their 
efficiencies compared under the precise experimental conditions used throughout 
this work. The factors influencing the passage of heat to or from both vessels 
ware thus identical except for the reflecting surfaces. 
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The results obtained were as follow :— 


Veaael. 

Rate of evaporation of 
liquid oxygen in grins / 

| 24 hours 

Rate of cooling ol hot 
water in cals /hour over 
temp range 7(P-0G a C 

Vacuum-adjacent surface! of polished 



copper 

020 

634 

Vaouum-adjacent surface* of polished 



silver electroplated on copper 

466 

634 


Silver plating and polishing the vacuum-adjacent surfaces of a 2-litre copper 
Dewar vessel thus increased its efficiency, when used for the storage of liquid 
oxygen, by nearly 16 per cent. 

The Department of Scientific and Industrial Research has borne the cost of 
the liquid oxygen and of the copper Dewar vessels used m this work, and we 
wish to express our thanks for this valuable assistance 


On the Action of a Locomotive Driving Wheel , 

By F. W Carter, MA,8cD ( M.Inst C E„ M I E E 

(Communicated by Prof A. K H Love, F R 8 — Received April IB, 1926 ) 

In the appendix to a paper read before the Institution of Civil Engineers,* 
■ dealing generally with the subject of the ‘ Electric Locomotive,’ the author 
discussed the running qualities of locomotives from the point of view of dynamics 
He based the discussion on the forces set up between wheel and rail, and these 
forces he referred to the creepage of Ihe surfaces in contact due to clastic deforma¬ 
tion of the material in the neighbourhood of the contact, defining “ creepage ” 
as the ratio of the distance gained by one surface over the other, to the distance 
traversed. He later introduced two quantities, / and which represented 
respectively the tractive force per unit creepage, longitudinally and transversely, 
to the rail. The quantities / and f\ which were assumed constant in any 
particular problem, were not determined at the time, and the present paper is 
primarily an attempt to compute the first of them. 

* See Minutes of ‘Proc. Inst. C.E.,' v ol. 201, port I, p. 248 See also the author 1 ! 
book 'Railway Electric Traction ’ (Arnold, 1022), chap, 2, p. 07, *tq. 
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The area of contact between wheel and rail vanes with the state of wear of 
the parte. For a new rail the longitudinal dimension of the contact is in general 
greater than the transverse dimension; but, as the rail flattens with use, the 
contact area approximates in shape to a uniform strip transverse to the rail. 
The final state is assumed herein, the wheel and rail being conceived as cylinders 
having their generating lines parallel, The problem proposed is accordingly a 
two-dimensional one, Instead of assuming the problem to be that of a cylinder 
rolling on a plane, however, we implicitly assume it to be that of two cylinders 
of like material and of equal and opposite radii, pressed together and rolling 
on one another, one being subject to a torque and the other to an equal counter- 
torque Under this assumption, any state of stress or strain In one member, due 
to tangential tractive forces only, is matched by an equal reversed state in the 
otheT, and the distribution of pressure between the members is unaffected by 
the traction, since the radial displacements of the surfaces m contact are 
complementary. We may note also that any conclusion deduced for a driving 
wheel is true, with reversal of stresses and strains, for a wheel undergoing 
braking. 

The radius of the wheel is large oompared with the circumferential extent of 
the contact area, and, except in the determination of particulars of the contact, 
may be assumed infinite The problem is then one of an infinite elastic medium 
bounded by a plane, on which is a certain local distribution of pressure and 
tangential traction The stresses and strains, due to pressure, are known,* 
and need not be discussed further than as the means of transmitting the tractive 
effort. 

The solution of the two-dimensional problem of an infinite elastic medium, 
bounded by, and on the positive side of, the plane y = 0, in which the portion 
of the boundary for whioh x is negative u subjected to a uniform tangential 
traction parallel to the x-axis, and that for which x is positive is free of externally 
applied stress, is given by Prof Love.f Using the same notation as Prof, Love 
(vis., A for dilatation, w for component rotation, X, \t for elastic constants), the 
solution is shown to depend on the equation ; 

£££$ = (* + 2|i) A 4 = C log (x + i y) (1) 

in which Cn (X + [i)/(X + 2p)is the tangential traction on the half-boundary 
plane, being directed towards the origin when C is positive and away from it 
when C is negative . 5 and ?] are functions defined by the above equation 

* flee Love’fl 1 Mathematical Theory of Elasticity ,* second edition, chap, VTII, J138 

f Loe.ou, chap. IX, 1 152 (c). 
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Take the separating line between stressed and unstressed portions of the 
boundary at (x\ 0), and superpose a distribution of tangential stress extending 
to (x + dx', 0), and an equal reversed stress extending to ( x\ 0), We thus 
obtain the solution of a problem in which the boundary streas extends over a 
band of width dxf only. Integrating this, in order to obtain the solution of the 
problem in which the tangential stress—a function of x —extends over any 
desired portion of the boundary, we get aB fundamental equation 


& ($ + »•*]) 
d (x +iy) 


— (X -(- 2(j.) A -|- i2^nj = — j*- 


Qdx' 


x +ty — x 


( 2 ) 


the integral being taken over the boundary. 

The strain in the direction of the x-axis is, using Prof Love’B notation* 


e 


du 

dx 



At the boundary surface, Y* is zero, and * 

e„ = l- d l 

" dx 

»i±*KA 

2(* 


( 3 ) 


Thus the value of e xt at the boundary is the real part, as y approaches zero, 
of (see equation 2) * 


-if 


Cdx 


2[l jx + — x f 


(4) 


The values of C with which we shall have occasion to deal are, in form, 
proportional to ^1 — , the limits of x f being — a and a ; and 




/ 


( 5 ) 


We discuss the pressure and contact surface between wheel and nul,f taking 


* etf . chap. IX, 9 144. 

t The matter is here dluumed In terms of wheel and rail. For the owe of a pair of 
equal wheela in contact, E should be replaced by R/2 throughout, 
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the origin at the centre of the contact area, and employing the Dotation of 
Prof Love,* If R 10 the radius of the wheel and P the total pressure - 



= i; 


X + 2u 


tty 


2n(i(X+(i) (a* + 


= f _L±^k_ 


2wp(X + p) F Jo(a B + +)*+* 


fi 


jj; 


if b 1 a large 


__ * X ~h 2ji P 
n p (X + p) a 2 b 


( 6 ) 


The pressure per unit area of contact near the origin is 




Integrating this over the width of the contact, the pressure per unit length 
of contact is 



The equivalent length of the contact ib thus 46/3 , this we call l . Accordingly: 

J_ _ X + 2p 
2R ?tp (X -\- p) la* 9 

or • 


a ~l 


»1bo - 


X + 2(i 
*H(X + (i) " 




Tl • 

(7) 

x /1 \» 

7 ) 

(8) 


Assume first that the tangential traction ib everywhere proportional to 
the pressure— an assumption which is only justifiable when the wheel is oil the 
point of skidding Write its value TiP'/P, so that Ti is the maximum available 
tractive effort. Then 


0 - l±la 

7r(X + p) 7T la\ a 2 / 


O) 


Hence, at the boundary (see equations 4 and 5), when g is in the contact 
area (x“ < u B ) ■ 


e ^ X Ti . x 

TTp (X + p) la a 


(10) 


hoc. cxl, chap VIII, || 137, 138. 
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and when z u outside the contact area (x* > a 1 ): 

_ _ X + TV I'x __ /£* 
rt n[L (\-\- ±l) ' la La \a 8 



(ID 


Wc next consider the normal operation of the wheel Aasummg it to be 
running in the positive direction of the x-axis, let A'OA in the figure represent 
the contact surface, A being the point of first contact, and A' the point of leaving 
Let ABA' be the ourve of limiting tangential traction TjP'/P The actual 
curve of tangential traction will follow some line ADCA', starting at A and never 
exceeding the limiting curve. Over the portion ADC of the curve, the surfaces 


Direction of running 



in contact arc locked together, and the surface-strain is accordingly constant, 
for any variation of strain in one member requires an opposite variation in the 
other member, and this cannot be where the boundaries in contact have no 
relative movement. Beyond the point C, the pressure between the surfaces is 
insufficient to support the strain, and the surfaces accordingly slip, with limiting 
tangential traction The value of the surface strain may be written - 


real part of L K 

y- 0 






_ r-ilfliLV „# 

} e x H- ty — X ) 


x + iy — S i e x\-ty 


in which K is put for the coefficient of nxja in equation 10, and c is the abscissa 
of the point C in the figure. The function 0 (%') is zero at the limits c and a , 
and positive between them it is such that, between c and a, e n is independent 
of x. The first integral in equation 12 has, however (see equations 5 and 10), 
been shown to be proportional to x for points within the contact area , the 
9 socond, accordingly, when a > x > c should be a linear function of x, 
cancelling the first and leaving a constant 
Consider 
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Changing the variable to y' 
becomes * 


g-c 

2 a J- - c ) 


1 


x 1 — Jfo + 0)1 the second integral in equation 12 

( t yi_ v _ 

l(a — c)/ Jx — 4 (a + c) + ty — y' 


This has the flame form as the integral in equation 5, and, with a > x > 0 , and 
y — 0, its value is 


a — c x — j (a + c ) Tx a + o l 

2a *^ J (o — c) La 2a J 


(13) 


Hence, with a> x > c, equation 12 giveB the constant value: 
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0+0 
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The tractive effort of the wheel is 




Hence c is given by ; 




(14) 


(IB) 

(16) 


The quantity f is now readily determinable for the case considered On 
entering the contact area, and for a certain distance within that area, the sur¬ 
face strain e Q is given by equation 14 Consider a pair of points on the driving 
and driven wheel-rims respectively, situated an infinitesimal distance Sx ahead 
of A (flee figure), and therefore about to enter into contact with one another. 
The unstrained length of rim represented by 3x is (1 — 8x for the driving 
wheel, and (1 -f ej) for the driven wheel. The ratio of angular rotation of 
driving and driven wheel is therefore as 1 — e m • 1 -f ^ or aa 1 - 2e Bt . 1. 
The ratio of rolling rotation ia unity, and the quantity — 2e„ accordingly repre¬ 
sents the oreepage as defined above. Writing q for T/Ti,/ is then given by : 


/ 




jTj a 
itK a + c 


(eqn. 14) 


T, q 

2kK 1 — (1 — f)* 

(eqn. 18) 

_Tt[i(X+|i), q 

(eqn, 10) 

2(X + 2|i) l-(l-f)* 

_ fwy. (X + |i) jyp]* q _ 

(eqn- 7) 

L2(X + 2[i) WP J 1 — (1 — j)* ' 


(17) 
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Thun / depends on the tractive effort, increasing in tho ratio 1 2 aa T falls 
from Ti to zero 

For the value T =» Ti, or q — 1, and with forces and lengths expressed in 
ordinary engineering units of the subject, the approximate value of / for steel 
wheels and rails is as follows - 

(1) With forces in kilogrammes and lengths m millimetres 

f - 93 [R/P]». 

(2) With forces in lbs. and lengths in inches . 

/ = 3500 [RiP] 1 . 

The effective value of l, the length of contact transverse to the rail is matter 
for conjecture, and doubtless variable A representative value is perhaps 
of the order of 25 mm. or 1 in. 


On the Specific Heat of Ferromagnetic Substances 
By W. Sucksmtth, B Sc, and H. H. Potter, Ph I), Lecturers in Physics^ 
University of Bristol 

(Communicated by Prof A P. Chattock, F R 8,—Received April 2d, 1926.) 


According to the Weiss theory of ferromagnetism, there is an intimate con¬ 
nection between the specific heat of a body and its magnetisation Weiss* has 
shown that the magnetic energy per cubic centimetre of a ferromagnetic 
substance is 

W = - iHI (1) 

where 1 is the intensity of magnetisation and H is the molecular field Further,, 
it is assumed that 

H = NI (2) 


where N is a constant depending on the material itself Thus 

W - - JNI 2 

and 

dW/rfT = - JNd/dT (l a ) 

where T is the temperature dW jdT will oontnbute to the specific heat of the 
subs tan oe which will become equal to 

S + pj <*T’ 

* Weiss and Beck, * Jfrtim de Phys voL 7, p. 240 (1008). 
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where a — specific heat neglecting magnetic contribution, 
Q = total specific heat, 
p = density, 

J = mechanical equivalent of heat, 


Therefore 


8 


From consideration of the shape of the magnetisation-temperature curves, 
Weiss concludes that the specific heat should rise to a maximum at the 
critical temperature and then decrease discontinuous! y, owing to the sudden 
disappearance of the magnetic term. 

The first measurements to test this theory wero made by Weiss and Beck 
(loo. cif ) on nickel, iron and magnetite, using the method of mixtures The 
mean specific heat between room temperature and the temperature T was 
determined for increasing temperatures T iP T|, Tg, etc The Bpecific heat 
over the ranges T a — T lf T 3 -T a , etc , could then be calculated Other deter¬ 
minations of the specific heat of iron have been made by Harker,* Oberhoffer)’ 
and Meuten J These three observers used the Bunsen ice-calorimeter method, 
but iheir experiments were not sufficiently detailed for satisfactory theoretical 
interpretation Further experiments were made by Dumas,§ and Weiss, 
Piccard and Carrard,|| who elaborated the method of mixtures to secure a higher 
order of accuracy In these experiments the specimen, which had been heated 
to a temperature T in an electric furnace, was dropped into a mass of water, the 
rise of temperature being measured by a platinum resistance thermometer, 
The mean specific heat 8 m between 16° 0. and T° C was plotted against T, 
the curve thus obtained showing a sudden change of slope at the critical tem¬ 
perature From this curve the true specific heat, 8, was obtained for various 
temperatures The results of the experiments were not wholly in agreement 
with their theory ^ The best agreement between experiment and theory is 
obtained in the case of nickel It is interesting to note, however, that nickel 
shows large deviations from the law of corresponding states,**ft which is a 


• Haxkcr, 1 Phil Mag.; veil 10, p, 430 (1000) 
f Obcrhofler, ‘ Metallurgy, 1 p. 427 (1907). 

X Meuten, 1 Ferrum,' p 1 (10L2). 

8 Dumas. 1 Arch Sen Phya Nat / 27, pp. 3152 and 463 (1909). 

|| Welu, Piccard and C&rrard, ihd , 42. p. 378 (1010); 43. pp. 22, 113, LOO (1017). 
U Cf Piccard and Carrard, ibid § 39, p. 461 (1919). 

** Weiss, ‘ Joum de Phys ,' vol. 6, p, Ofll (1907). 
tf Honda and Okubo, ' Phys. Rev.,' voJ. 10, p, 733 (1017). 
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direct result of the Weiss theory of ferromagnetism, Again, to satisfy Lorentz’* 
equation, it is necessary to assume that the elementary magnet in nickel consists 
of three atoms. 

The experiments themselves were not altogether above criticism for the 
following reasons — 

(а) The continued quenching of the specimen may not be without some ellect 
on its physical properties Weatgrcnf has obtained some evidence that the 
size of the crystal lattice in nickel-steel depends on the temperature of quenching 
Such an effect is almost certain to influence the specific heat Weiss J has found 
that the magnetic properties of nickel depend on its previous heat treatment 

(б) The method of smoothed curves was used, the gradient of these curves 
being used to determine the true specific heat 

(c) The method requires a high degree of accuracy, as may be seen from the 
following considerations : To determine the specific heat in the range 350" (' 
to 354° C to 1 part in 100, it is necessary to know the mean specific heats from 
16° 0 to 350° C and 10° 0 to 354° C to 1 part in 16,000 For nickel, Weiss 
and his co-workera claim this order of aeruracy, whieh appears to uh to he 
over-estimated 

(<f) In view of the dependence of magnetic properties on heat treatment, it is 
desirable that magnetic and calorimetric data should be obtained not only for 
the Bame specimens, but also simultaneously. In the papers referred to, 
magnetic data are taken from the earlier experiments of Cune The earlier 
work of Weiss and Beck has been cnticiBed by Honda and Okubo§ on the same 
grounds They point out that the constant N (equation (2)) varies from one 
specimen to another so that magnetic and calorimetric data can be compared 
only if obtained from the same specimens Weiss's theoretical treatment has 
also been cnticiBed by Ashworth,|| and difficulties have also been raised by 
de Waard.^I 

In view of the above considerations, experiments by an independent method, 
enabling specific heat and magnetisation to be measured simultaneously, 
appeared desirable. The present experiments, besides fulfilling this condition, 
enable the specific heat to be measured directly over Bmall intervals of 
temperature. 

* Lorentz, 4 Revue SoientiAque, 1 p 1 (1912) 
f Weatgren, 1 Joum. Iron and Steel lostvol 1, p. 241 (1922) 

J Weiss and Forror, ‘ Aunties de Phys vol 5, p. 153 (1920), 

§ Honda and 6hubo, -Phys Rev ,’ vol 10, p 73S (1017) 

|| Ashworth, ’ Phil Mag.,’ vol 43, p 401 (1922). 

If de Waard, 1 Z f Phys vol. 32, p. 7B9 (1925) 



160 


W. Sucksmith and H. H. Potter. 


Outline of Method. 

The Specific Heat Measurements —The method used m the present experi¬ 
ments was that of Nernst and Eucken, which has not to our knowledge been 
used at such high temperatures (up to 410° C ) in any previous work. Heat is 
supplied by passing a current through a platinum spiral wound on the specimen. 
The temperature nso of the specimen is measured by the change of resistance 
of this spiral Owing to the great increase in the radiation at high temperature, 
the difficulties of experiment are much greater than those encountered at normal 
and low temperatures, but we have been able to extend the method to tempera¬ 
tures above the entical points of mckel and Heusler alloy by suspending the 
specimen in the interior of an evacuated vessel which was in turn enclosed 
in an electric furnace The latter could be maintained at any desired tempera¬ 
ture T while the Bpccifio heat between the temperatures T and T + 8T was 
determined by supplying electrical energy to the specimen so as to raise itB 
temperature by an amount ST A correction for radiation was applied (see 
below) 

Form of Specimens —The specimens were made m two parts, the inner 
portion (fig la) being ground into the outer portion (fig. 16) The former had 
a double screw thread cut on it and into thiB was wound a spiral of double-silk 
covered chemically pure platinum wire The winding was non-inductive, the 
wire being turned back at the bottom by passing round a tiny glass peg P, 


< i ■* i“'* 



P 

a (6) iri 


Fig, 1. 





161 


Specific Heat of Ferromaf}net%c Substances - 

embedded in the metal at a place where a small flat had been filed The wire 
was seemed at the top by tying it around a second glass peg B. Before winding 
the mile insulation was saturated with a paste of china clay, and after winding the 
wire the screw threads were filled m with more of the paste. On setting, this 
prevented any movement of the wire and so avoided the possibility of a break¬ 
down of the insulation when the silk covering of the wire became charred. 
The slots at the top of the outer case (fig, 16) enabled the inner portion to be 
inserted without damage to the glass peg B. The platinum wire (42 S W.G ) 
was joined to copper leads (35 S.W G.) as close up to the peg 'B as possible, 
the copper also being secured to the peg so that the weight of the specimen 
was not earned by the thin platinum heating coil. The junction was made 
by binding the platinum wire Around the copper and pinching it with a clip 
made of annealed copper. It was undesirable for obvious reasons to use thick 
oopper leads, but after applying an approximate correction (see page 165) the 
error resulting from the use of leads of appreciable resistance was negligible, 

The specimen itself was suspended in the interior of a double-walled glass 
vessel shown in fig. 2. The vessel, which was silvered on both walls, was made 
of “ Doroglass ” and even when heated to 450° C would withstand the pressure 
of the atmosphere. It was joined on to the pumping apparatus by means of 
a glass cap and sealing-wax joint shown at 8. A tiny hole in the inner tube 
at the point D enabled the space between the two walls to be evacuated During 
the experiments the pressure was maintained at less than 0-01 mm, of Hg. 
In this way oxidation and loss of heat by convection were eliminated. The 
Copper leads were brought out by the two side tubes TT and were secured at 
the ends of these tubes by sealing-wax joints., Beyond TT the gauge of the 
copper was increased to No 18. 

The Electric Furnace —The furnace J? (fig, 2) consisted of a coil of oichrome 
tape, wound non-inductively on a copper cylinder to promote uniformity of 
temperature, The heating current for the fumaoc was supplied by accumu¬ 
lators which gave a sufficiently steady current to keep the temperature constant 
to within 0-5° C. at 400° C, for an indefinite period, 8uch small variations 
of temperature as did occur would be communicated only very slowly to the 
specimen on account of the double-walled vacuum vessel. In fact, once 
equilibrium between the furnace and the specimen had been established, the 
latter oould be maintained for very long periods at temperatures which were 
constant to within 0 -05° C. 

The Ele&noal Connections .—The circuit employed for the measurement of 
the resistance of the platinum spiral and for the purpose of supplying and 

VOL. 0X11 —A. 
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measuring the heating current was a Wheatstone Bridge modified in such a way 
that the position of the battery and galvanometer were interchangeable. The 
circuit la shown in fig. 9. 

P represents the platinum spiral! R^ an open wire manganm resistance of 
11 *5 ohms, R b a variable resistance from a standard resistance box (correct 
to O'01 per cent), and R a a standard resistance of 2,000 ohms. If the battery 
is connected at the points B and D and the galvanometer at the points A and 0 
(by throwing switch 0 L to the right and S a to the left) then the current through 
P was so small that the resistance of P could be measured without causing any 
appreciable rise of temperature If, however, the connections to battery and 
galvanometer were interchanged (by throwing 0! to the left and S a to the right) 
the current through P was sufficient to give the nse of temperature required 
in the measurement of the specific heat. The resistance of P, however, oould be 
measured during the passage of this current (usually about 0-24 ampere) 
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so that the energy input was known The current was measured with a standard 
Weeton milliammeter A, and a correction applied for fraction of the total 
current which passed along ADC. 



Estimation of Rise of Temperature 8T on Heating ,—The following procedure was 
adopted in measuring the specific heat m the range between T and T -f 8J .— 
The furnace current was first adjusted to give the temperature T which was 
measured very roughly by means of a mercury thermometer. The real object 
of the thermometer was to indicate variation of furnace temperature and not its 
absolute value. The specimen was brought into temperature equilibrium with 
the furnace—the process being expedited by the passage of a current through 
the spiral in cases where the preceding measurement of the specific heat was 
mode at a temperature considerably less than T and where otherwise the 
establishment of equilibrium would have taken a long time. Measurements 
were carried out only after the temperature of the furnace had remained constant 
to within C. and the spiral bo within 1 /20° C for at least 10 minutes, and even 
then corrections were applied for variations in the initial temperature of the 
specimen. The initial temperature was measured by estimation of the resistance 
with the battery connected at B and D, then the switches and S B were thrown 
over to the other position, thus causing sufficient current to pass through the 
platinum spiral to give a use of temperature of about 5° C in 4 minutes, after 
which the switches were thrown back to the original position and the subsequent 
time-rosistance curve taken. The change of resistance was a rather complicated 
function of the time, rising sharply on switching on the heating current and 
falling rapidly when the current was stopped, This was due to low thermal 

u 2' 
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capacity of the spiral, oomhined with the indifferent thermal contact between 
the spiral and the specimen A typical resistance time curve is shown in fig. 4. 

The portion AB represents the heating 
part, the current being cut off at B. The 
portion BO represents the period during 
which equilibrium 10 being established 
between the spiral and the specimen, whilst 
GD represents the subsequent cooling due 
to radiation and conduction down the 
leads The portion Gl) was, particularly 
at low temperatures, practically straight 
and the true nse of temperature was 
estimated by producing DG back to the 
axis at the point E The ordinate AE 
would then give the true rise of tempera¬ 
ture if the specimen had all along been 
cooling at the rate indicated by the slope 
of DG. This obviously is untrue, but 
assuming that the rise of temperature was 
uniform and that Newton’s Law of cooling is applicable, it can be assumed that 
the mean rate of loss of heat during heating was half that given by the slope of 
DG, and that the truensc was AJ, J being half-way between E and H, and HP 
being horizontal To test the validity of this assumption, observations were 
made using various rates and times of heating and various rises of temperature 
differing by 100 per cent. At room temperature the results agreed to | per 
cent At higher temperatures the experiments were not quite as accurate, 
due largely to the fact that Newton’s Law is not strictly valid, the range over 
which it holds decreasing as the temperature increases. The result was that 
at high temperatures GD was not perfectly straight and under these conditions, 
instead of producing DG backwards, it was necessary to draw a tangent to the 
curve BGD at some suitable point. The method adopted was to draw the 
tangent to BGD at a point at a definite time interval (7 minutes) beyond the 
pomt B The principal error of experiment undoubtedly lay in drawing this 
tangent, but by adopting the same method for each experiment any errors 
introduced would affect different determinations similarly. An attempt to 
obtain the radiation correction by assuming the fourth power law did not lead 
to any appreciable increase m the accuracy of experiment, As our principal 
object,was to determine the shape of specific heat-temperature curve, errors 
of this sort were comparatively unimportant. 
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Several other factors operated to make the absolute measurement of the 
specific heat somewhat inaccurate. Firstly, it was assumed that the whole 
of the platinum was embedded in the specimen and that all the heat generated 
in it was communicated to the specimen. Actually about 1 cm or 0 7 per 
cent, of the platinum was outside the specimen. Again, it was assumed that 
none of the heat generated in the leads was communicated to the specimen. 
Another inaccuracy lay in the correction for resistance of leads at high tem¬ 
peratures. It was assumed that the mean temperature of the leads was half-way 
between room temperature and the furnace temperature. This assumption 
was based on the fact that about half of the leads was in the furnace and the 
other half was not. The error due to these last two causes must have been 
very small, as the total lead resistance was about 1 per cent of the whole. Again 
no allowance was made for the specific heat of the glass, platinum and china 
clay, but this could hardly have introduced an appreciable error owing to the 
small mass of these substances concerned 

The Magnetic Measurements - -The magnetic measurements were made by 
the ballistic method The solenoid A shown in fig 2 was so arranged that the 
specimen B was in a central position. The solenoid was wound m four layers 
of about 400 turns each, the layers being two in Benea by two in parallel. The 
cylinder was of brass. 50 cm. long and 15 cm diameter. To minimise eddy 
current effects, the brass was split along its entire length by a narrow saw cut, 
the Teclosing of the slot being prevented by the insertion of a strip of asbestos. 
Thin asbestos paper was used aa insulation between the various layers and 
between the innermost layer and the cylinder. A secondary coil C of 108 turns 
of 20 8 W G. copper was wound in a central position on the solenoid and was 
insulated from the pnmAry by several layers of oiled silk and one layer of mica. 
Good insulation is necessary here owing to the large area of contact Owing 
to the large diameter of the secondary coil, a considerable number of the lines 
of magnetic induction are ineffective By winding a test ooil directly on the 
specimen, it was found that the lines out by the secondary wore 40 per cent, 
of the total number of lines of induction This fraction remained constant 
throughout, and so does not affect our conclusions 

Subsidiary coils in senes with the primary and secondary windings of the 
Solenoid were so coupled that the reversal of a heavy direct current in the 
magnetising solenoid produced no deflection of the galvanometer when the 
specimen was absent. The field obtainable was 20 gauss per ampere, and the 
maximum current used was 12 amperes. 
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Heusler AUoy. 

Our first results were obtained with Heu&Jer alloy, the original object of our 
experiments being to extend Weiss's results to a synthetic magnetic alloy whose 
magnetisation could be varied (by heat treatment). 

Preparation of the AUoy .— The difficulty of drilling the large hole through 
the outer portion (fig lb) of the specimen m a substance so brittle as the Heualei 
alloy was met by moulding the portion upon a central core of turned copper, 
It was then easy to drill out the oopper, leaving a hollow cylinder of Heusler 
alloy. The alloy can be turned and a thread cut in it with high-speed steel 
tools. The Heusler alloy used was 63 per cent copper, 25 per cent, manganese 
and 12 per cent, aluminium melted in a graphite crucible and poured into sand 
moulds The inner and outer parts of the specimen were, of course, poured 
from the same melt Wc tried alloys of various constitutions in an attempt 
to find a specimen with a low critical temperature (The Nernst-Eucken 
method is more accurate at low than at high temperatures ) The critical 
temperatures of alloys of different constitution are given by Take.* Those 
with low critical temperatuie we found to be extremely unstable, the critical 
point rising to about 280 c C after heat treatment of any kind For specimens of 
the constitution given above tho critical point was very stable, being unaltered 
by more than a few degrees after quenching from 400 p C. or after annealing 
at 720° C. The critical temperature for these specimens was about 280° C., 
and it thus appears that the critical temperatures of unstable specimens tend 
after heat treatment to rise to about the same value as for the stable specimens, 
although wc have not sufficient evidence to verify this point conclusively. 

Result* 

Heusler Alloy ,—The results for Heusler alloy are Bhown ip figs. 5-8 In 
addition to the specific heat-temperature curves, marked (a), the curves con¬ 
necting I 8 with T (6), and d/dT(J*) with T (e), are given. The ordinates of the 
two last-mentioned are iu arbitrary units, the same units being used throughout. 
In figs. 6 and 8, which deal with Heusler alloy after heat treatment, the scale 
of the magnetisation curves is increased five-fold In all cases a complete 
curve was obtained in one day, the successive points being obtained with 
increasing temperature. 

The specimen of fig. 5 was quenched from about 400° C. and subsequent 
measurements are given in fig, 6 Both specific heat and magnetisation curves 

* Take, * Ann. der Pfaya,, 1 voL 20, p, &4§ (1900). 
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indicate a rise of 6° C. in the critical temperature. The fall m the value of the 
specific heat above the critical temperature was reduced by about 47 per cent., 
but it is difficult to deduce anything from this owing to the fact that the satura¬ 
tion intensities of magnetisation before and after quenching were not known 

The curves for a second specimen of Heusler alloy are given in fig 7, and fig 8 
shows corresponding curves for this specimen after annealing at 720° C An 
examination of the curves for Heusler alloy shows large discrepancies between 
theory and experiment A full discussion of the results is given below, but 
one point which concerns Heusler alloy alone will be diBcusscd here In the 
case of the seoond specimen the specific heat curves before and after demagnetisa¬ 
tion do not show any very great change, whereas the magnetisation in weak 
fields is greatly reduced This is not a true measure of the reduction of the 
saturation intensity with which we are concerned in this experiment. We 
measured the saturation intensity, however, for two pieces of alloy from the 
same oast as those used in the specific heat measurements referred to One 
of. these pieces was subjected bo identical heat treatment to that given to the 
specimen referred to above The magnetisation was measured by a ballistic 
method using an electromagnet, and it waB found that although the magnetisa¬ 
tion in weak fields was vastly different, the saturation intensity (5,IKK) gauss) 
of the “ demagnetised ” specimen was 73 per cent, of that of the original Heusler. 
Using Weiss’s Theorem of Corresponding StatcB,*it can easily shown that the 
magnetic contribution to the specific heat in the case of the demagnetised 
specimen should, according to Weiss’s theory of specific heats, be 54 per cent, of 
that lor the normal specimen We found the ratio to be 87 per cent,, so that the 
magnitude of the drop m the value of the specific heat in the neighbourhood 
of the critical point was affected to a'far less extent than would be expected 
from Weiss’s theory 

We have assumed here that N (equation 2) remains constant The conflict 
between theory and experiment could be reconciled if N increased with heat 
treatment. We made some attempt to measure N by observations on the 
change of the paramagnetism above the critical temperature.f We were unable 
to get any satisfactory data on account of the fact that N was continually 
decreased by heat treatment of the specimen. The curves connecting 1/x 
and T (x - susceptibility, T = temperature) became less and less steep (using 


* Weiss, ‘ Journ. de Phys vol 6 , p. 681 (1007), ‘ Phys. Zelfc..’ vol. 9, p. 358 (1008). 

| A n*nddfad form of the Curie law has been given by Weiss for ferromagnetic substances 
at temperatures above tbe critical point, c.f. Weiss, 1 Phys Zeit.,’ vol. 9, p 358 (1908). 
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1/^W ordinate) as the specimen was subjected to heat treatment similar to that 
used in demagnetising it. 

Thus the change in N is in the opposite direction to that demanded if the 
experimental results are to be brought into line with Weiss’s theory. It will 
be noticed that there is no sudden discontinuity in the value of the specific 
heat at the critical point. This will be discussed later on in conjunction with 
the results obtained for nickel. 

Nickel —We were inclined at first to attribute the results obtained with 
Heusler alloy to the fact that its magnetism is synthetic. This led us to carry 
out experiments on nickel Unfortunately it is impossible to obtain “ chemi¬ 
cally ” pure nickel in the form of rods such aa are required in this experiment 
We therefore used nickel of three grades of punty—ordinary commercial nickel, 
commercially pure nickel, and Mond electrolytic nickel remelted and drawn 
into rods by Messrs Johnson and Matthey, Weiss and Piccard used Mond 
nickel in their measurements, but the analysis they give refers to the nickel 
before the process of reuniting We give below an analysis* of the three 
mckels used. - 


— 

Ordinary 

Commercial 

Commercially 

Pure. 

Mond 


per oenfa 

per oenk 

per cent. 

Nickel 

97 2 

OB 6 

99*40 

Iron 

0 40 

0 80 

019 

Insoluble residua 

0 1 76 

traoe 

— 


The Mond nickel was analysed after the remelting process In the case of 
the commercially pure and Mond mokel the impunty is almost entirely iron. 
This was not present in a ferromagnetic condition, as examination of the nickel 
between 450° C and 600° C. showed that the substance was paramagnetic, and 
further the susceptibility was independent of field, We could have detected 
by this method the presence of 0 * 002 per cent, of ferromagnetic iron This 
might be accounted for in several ways, viz , fine division of the impurity, 
the iron being alloyed with the mokel or present as an oxide By using nickel 
of different degrees of purity we have been able to deduce evidence that the 
results we have obtained are not dependent on the quantity of impunty. 
The results obtained with nickel are aimilar to those given by Heusler alloy, 
and are shown in figs 9,10,11 The experiments are more difficult to carry out 

* Our thanks an due to Dr. Midkin and Mean Bull and Pollard, of the Chemistry 
Department of this University, for the analyses. 
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on account of the higher temperature at which the ferromagnetism disappears, 
and also because the changes in the value of the specific heat are not so 
pronounced in the case of nickel 




The most striking feature of the specific heat curves of both Heualer alioy 
and nickel is the absence of any sudden discontinuity at the critical temperature. 
The decrease in the value of the specific heat which takes place in the neigh- 
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bourhood of the critical point 10 spread over about 40° C- in the case of HetuLar 
alloy and 25° C. in the case of each of the nickel specimens. The curves shown 



in figs. 5-11 are typical of a number, all of whiLh exhibit the same general 
features. 

Uniformity of Temperature of Specimen .—The “spread" could bo most 
easily explained by a non-uniformity of temperature of the specimen We 
examined this point by the use of thermo-couples made by securing copper 
vires to various points of a nickel specimen by means of small nickel screws. 
For positions of these junctions see fig lc Any two of the junctions could be 
used to give the temperature difference between any two points of the specimen. 
We assured ourselves periodically of the satisfactory working of each thermo¬ 
couple by having a subsidiary copper-nickel junction kept in ice Thus the 
actual temperature as well as the difference of temperature could be measured 
with any of the thermo-couples. Under the actual conditions of specific heat 
determinations we were unable to detect any difference of temperature 
amounting to more than 1 2° C , which is negligible in comparison with the 
temperature range over which the measured fall in the specific heat takes place. 

Discussion of Magnetic Curves .—Whereas the specific heat curves show 
considerable spread, the d/rfT(I a ) — T curves show a much more sudden drop 
at the critical point, 90 per cent, of the drop m the value of d/(PT(I f ) taking 
place within about 5° C. Our results indicate that the temperature at which 
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the maximum value of the specific heat is attained coincides frith the critical 
point.* The fact that the curves connecting <f/rfT(I 8 ) and T show a more sudden 
drop at the critical point than the specific heat curves cannot, for reasons stated 
below, be taken as conclusive evidence against the view that under ideal 
conditions these two curves would be of similar shape 

Suppose that the impurity in the nickel is unevenly distributed (We have 
made threo determinations of the iron content for commercially pure nickel, 
using teat specimens from three different portions of the rod. Identical values 
of the iron content were obtained, but this docs not preclude the possibility 
of uneven distribution in regions small compared with the volume used in 
chemical analysis ) 

Such an uneven distribution might give nee to regions of varying critical 
points. Suppose a volume t> B is above the critical temperature, whereas a 
volume is below the critical temperature and has au intensity of magnetisa¬ 
tion I. The measured magnetisation is proportional to t^I, whereas had the 
whole specimen been magnetic the measured value would have been (v T + v # ) I 
The oTdinate of the I* — T curves is thus reduced in the ratio t >j* to (v, 

The region v x will contribute bo the magnetic specific heat a quantity 
— Vj d/d T (I s ), whereas had the whole specimen been magnetic the contribution 
would have been (i^ + v t ) djd T (I 8 ). The ordinate of the P — T curve is 
thus reduced in the ratio (v x lv x t> z ) a , whereas the specific heat curve is reduced 
in the ratio VK + 

Another important point is the self-demagnetising action of such small 
regions The magnitude of this effect can be calculated assuming the regions 
to be spherical The effect is probably small since the intensity of magnetisation 
is small in the neighbourhood of the critical temperature, and since, in addition, 
the intensity reaches saturation for a field of a few gauss There is another 
effect which operates in the opposite direction and probably is greater than 
the last-mentioned effect. At room temperature the specimens are very far 
from saturated in the field available. This is due m some measure to the 
demagnetising action, reducing the effective field to about 50 gauss Near the 
critical temperature saturation is almost complete in a very much smaller field, 
and the actual applied field is greater since the demagnetising effect is smaller, 

* The cdtiosl point has been defined ns the temperature at which spontaneous ferro¬ 
magnetism disappears, and also that at which d/dT(I B ) reaches a maximum These points 
differ, however, by about 2° 0 only. Our experiments are not sufficiently accurate to 
enable us to discriminate between the two See Honda, 1 Sci Rep / TAhoku, I, vol 10, 
p. 433 (1023). 
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This has the effect of making the measured slope of the I a — T curve leas than 
it should be and also of reducing the ordinates of the curve except near the 
critical temperature The effect ifl equivalent to increasing the ordinates of 
the curve near the cntioal temperature in proportion to those of the rest of the 
curve This also accounts for the sharp rise in the value of d/rfT (I s ) on the 
low temperature side of the critical point. 

Another factor to be considered is that our magnetisation measurements 
give values which are proportional to ini — where Hq is the demagnetising 
field. The effect of this near the critical point will again depend upon the shape 
of the small ferromagnetic domains, and the same general considerations as 
those in the preceding paragraph would apply. 

It would thus appear that quantitative relationships between our magnetic 
and specific heat data cannot be established if we assume uneven distribution 
of impurity and consequent regions of varying critical points. The difference 
between the specific heat and the magnetisation curves is very marked, however, 
and this, combined with the fact that we have obtained similar results with 
three samples of nickel of different degrees of purity, seems to invalidate this 
explanation. 

Conclusions. 

There is considerable discrepancy between the form of the specific heat and 
magnetisation curves obtained experimentally for nickel and Heusler alloy, 
and that demanded by Weiss’s molecular field theory The difference between 
the results of Weiss, Piccard and Carrard and those obtained by the present 
authors for nickel could be entirely accounted for by a change m the neigh¬ 
bourhood of the critical point of about 0 I per cent, m the tnean specific heat 
measurements of the former, The experiments of Dumafi (Zac. cti ) do not 
appear accurate enough to be considered as evidence for Weiss’s view as opposed 
to ours In addition to the difference in the shape of the curve, the decrease 
m our values of the specific) heat for pure nickel is only 60 per cent, of that 
obtained by Weiss. 

There is considerable evidence that the changes in other physical properties 
are not discontinuous in the neighbourhood of the critical point. This has 
been discussed in some detail by Benedicks * A paper by Honda and Oguraf 
is of special interest in this connection. Using Kaidbaum nickel wire they 
obtained curves connecting the temperature change of magnetisation and 
electric resistance. Neither curve showed a discontinuity at the critical point. 

* Benedicks, 1 Joura Iron and Steel Inst./ II., JQ1£; I., 1914. 
t Honda and Ogura, ‘ Soi. Hep./ TOkohu, vol. 3, p. 119 (1014). 
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Again, the magnetisation-temperature curves for a field of 160 gauss are very 
similar to those obtained in our experiments, neither showing such a rapid 
approach to zero as demanded both by the theory and experiments of Weiss * 
Weiss's results are strongly criticised by Honda and Okubo,t who take the view 
that what WeiBS measured was not an actual specific) heat, but a quantity of 
heat evolved during the transformation at the critical point. The nature of this 
transformation is somewhat obscure The crystal structure of nickel is a face- 
centred cube both below and above the critical temperature J Such con¬ 
sideration as Benedicks applies to the case of iron$ could hardly be tenable 
in the case of nickel, where there is nothing corresponding to the A s transforma¬ 
tion If a structural change takes place, it must be something other than a 
change in the arrangement of the atouuo centres. That such a change can take 
place has been indicated by some experiments on the properties of tungsten 
crystals by the Research Staff of the General Electric Company .\\ Our results 
would point to some such view as that taken np by Honda and dkubo. There 
can be no doubt that the changes in specifio heat and magnetisation are closely 
related, but apparently this relation is not so intimate as that suggested by 
Weiss. Both, however, are undoubtedly traceable to a common cause It is 
suggested that the critical point indicates a certain stage in a transition which 
takes place over a range of temperature of probably some hundred degrees, and 
which is not complete at the critical temperature. 

Summary. 

The Nemst-Eucken method of measuring specific heat has been extended to 
temperatures up to 410° C, The specific heats of the ferromagnetic substances 
nickel and Header alloy have been measured dp to temperature considerably 
above their critical points, and no discontinuities in the values of the specifio 
heat have been found. Magnetic measurements have been obtained simul¬ 
taneously with those of specific heat in order to investigate relationships 
between the two effects. 

Heat treatment of Heuder alloy resulted in a considerable reduction m the 
saturation intensity of magnetisation without a corresponding decrease in the 
value of the specific heat 

* Weiss, *C R./ vd. 178, p 1871 (1924). 
t Honda and Okubo, 1 Phya Rev / vdI. 10, p. 740 (1917), 

| F. Waver, ‘ Mitt a.d. Kaiser-Wilholm Inst, f Eisenfondinng ’ (1922). 

| Benedicks, 1 Joura. Iron and Steel Inst,/ II., p. 242 (1912). 

|| 1 Phil. Mag., 1 vd. 48, p. 229 (1924). 
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Evidence that these effects are not due to the presence of Impurity nor to 
inequalities of temperature is presented. 

The results of the experiments do not appear to be in agreement with the 
Weiss theory of specific heats of ferromagnetic substances. 

We are indebted to the Colston Research Society of the University of Bristol 
for a grant towards the expenses of the investigation. Our thanks are due also 
to Prof. Chattock and Prof Tyndall for valuable suggestions and criticisms. 


On the Change oj Refractive Index of IArneed Oil in the Process of 
Drying and its Effect on the Deterioration of Oil Paintings. 

By A. P Laubie, M.A , D.Sc. 

(Communicated by Sit Arthur Schuster, F RS ^Recmvod Apnl 30, 1920 ) 

The following paper is the results of experiments undertaken for the infor¬ 
mation of the Committee appointed by the Royal Academy to investigate 
the problems affecting the durability of pictures. 

One of the main defects of the modem picture in oil is that in course of yean 
there is a lowering of tone over the whole of the picture—in contrast not only 
to the early fifteenth-century pictures in oil, but to many of the later schools 
of painting, such as the Dutch pictures. As the medium—linseed, walnut or 
poppy oil—is the same, and as the modem painter uses in many cases the 
same pigments, and in other cases superior substitutes, the cause of this lower¬ 
ing of tone must be found rather in the unscientific methods of using the 
materials than in the materials themselves This view is confirmed by the 
fact that an examination of modem pictures—by which I mean pictures painted 
in the lost hundred years—reveals marked differences in the extent to which 
lowering of tone has taken place The pigments, if properly selected, being 
permanent under the conditions in a picture gallery, the lowering of tone must 
be ascribed to the medium This necessitates a study of the properties of the 
medium with a view to finding out the reasons why lowering of tone takes 
place 

It is well known that oxidised films of all these oils yellow with age, linseed 
oil films yellowing more than poppy or walnut oil. Such yellowing will alter 
some pigments more than others—pigments at the green and blue end of the 



177 


Refractive Index of Linseed Oil, 

spectrum more than pigments at the red and yellow end, and a transparent 
more than an opaque pigment. A pigment, for instance, such as cobalt blue, 
if painted on thickly, consisting as it does of transparent blue particles, and 
into the mass of which the light penetrates deeply, will be more affected than 
an opaque blue pigment 

I have seen examples of cobalt blue in oil which have become black in 40 
years, exposed to the ordinary light of a studio, A couple of months' exposure 
in a window, so as to bleach the yellowed oil, restored the colour 

Besides the nature of the pigment m the oil, the amount of oil present and the 
thickness of the painted layer will obviously all have their effect, the oil 
nsing to the surface if a pigment ground in excess of oil is painted on thickly. 

The conditions governing this yellowing, the effects of light and time and 
moisture, are all well worth investigation 

There is, in addition to the yellowing, another change which may take place 
in the oil which would cause lowering of tone. It is known that when the 
painter has pamted over a portion of his picture, in rourse of time the under - 
pamting shows through, and if a checkbo&rd of white and black squares is 
painted over with white lead in oil till invisible, it gradually shows through the 
over-painting in course of time. This has been explained by gradual inter¬ 
penetration of the pigment by the dried oil film, causing an increase of trans- 
lucency, but if that is the explanation, one would expect pigments ground in 
oil and kept m tubes to grow more translucent, and I am not aware of any 
evidence to that effect. A more reasonable explanation is that the linseed oil 
film, which wo know is slowly undergoing changes which after the first drying 
is causing it to increase in density, is at the same time increasing m refractive 
index. 

Pigments may be regarded as transparent bodies of high refractive index. 

When light is passing through a transparent medium of low to a transparent 
medium of high refractive index, part of the light is transmitted and part 
reflected. The ratio of transmitted and reflected light depends upon the angle 
of incidence and upon the planes of polarization, and on the difference between 
the refractive indices of the two media. The well-known equations indicate 
that an increase in the difference between the refractive indices of two media 
in accompanied by an inorease in the amount of reflected light It is sufficient 
for our purpose that the greater the difference between the refractive indices 
of the two media, the more light will be reflected at the interface, and the less 
transmitted, other conditions being the same. 

Abney's researches on pigments show that the light reflected by them 

VOL CHI,—A. N 
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covers the whole of the spectrum , but with an excess in certain portions, or 
as we might crudely express it:—Vermilion reflects a mixture Of rod and white 
light, ultramarine a mixture of blue and white light, and so on 

If, then, we are justified in regarding pigments as consisting of transparent 
particles with the property of absorbing certain parts of the spectrum, wo 
should expect to find their apparent Opacity and brilliancy de|tending on their 
refractive index and the refractive index of the medium with which they are 
mixed 

That this m bo, every painter knows. A chrome yellow, for instance, 
becomes deeper in tone and less brilliant when air is replaced by water, nnd still 
more deep and lowered in tone when water ib repaired by oil 
In the first place, it Heemed to me of interest to take some of the commoner 
pigments of tho artist« palette and mix them in and grind them m media of 
high refractive index. For this purpose I took bromo-naphthaJcne, which has 
a refractive index of 1 65, and lnethyleno-todide saturated with sulphur, which 
has a refractive index of about 1 8 White lead mixed with bromo-naphthalene 
becomes a greyish translucent powder, while the pale yellow, like pale riidmmm 
and pale chrome yellow, becomes orange 
The investigations of Breyer, in the study of zinc oxide, and Depew m 
Ruby and Green, have shown the transparent crystalline nature of white lead 
and zino oxide In their experiments the pigments ore very highly dispersed 
and examined With immersion lenses up to 1,500 diameters (‘Chemical and 
Metallurgical Engineering,’ vol, xxvin, p. 53) Their examination was made 
in ordinary media. 

In each case I ground the pigment with a mullcr in the medium, much as 
would be done m preparing it for use, and examined it under a quarter-inch 
objective with transmitted light, using the three media, linseed oil, bromo- 
naphtlialene, and methylene iodide 

White lead when ground in bromo-naphthalene proves to consist of 
transparent, doubly-refracting crystals. Zinc oxide is equally transparent 
With the exception of white lead and lead ebromo and vermilion, all the 
pigments I examined were apparently isotropic. Professor Eibner describes 
the cadmium yellow as consisting of hexagonal crystals, and in order to decide 
Whether any or all of these pigments are in reality crystalline, it will be necessary 
to examine them under the higher powers in liquids of much higher refractive 
index such as a fused mixture of sulphur and selenium 
By examining pigments in this way, and finding how high a refractive 
index was requited to make them appear transparent under the microscope, 
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I have been able to prepare a rough table of order oE oparity for the more 
important bright pigments, starting with those which are transparent in linseed 
<nl and ending up with red oxide of iron, which proves to be opaque, even in 
methylene iodide saturated with sulphur 
The following table shows the pigments arranged both in order of ipanty 
and in order of colour— the pigment nt the one corner, namely red oxide of 
iron, being both opaque and red would be less affected by changes taking place 
in the linseed oil, while Prussian blue and cobalt blue at the other extreme 
would be most affected 


Red 

Yellow 

i 

Green j 

1 1 

| Blue 

Madder 

Alizarine Lake* 

(''limit Yellow 

Vi roll .ill 

Cobalt Blue 
fruaaiin Blue 

Burnt Sienna 

Raw Sienna ! 


Ultramarine 

Vermilion. 

Chrome Yellow 
Yellow Ochre 

Cobalt Green 

Cerulean Blue 

Cadmium tkarlrt 

Cadmium Yellow 



Venetian 

Indian Red 





It is obvious that such a table, while not pretending to be quantitative, 
supplies the artist with useful, practical information as to when he should use 
& pigment for solid painting and when he should use it for thin glazing 

The next question which I investigated was—whether a linseed oil film 
does alter in refractive index. For this jAirpose I selected a linseed oil which 
had been prepared for artists’ use, by exposing “ cold-pressed ' f oil to air and 
light over water A film of this oil was painted out on the glass surface of a 
Herbert Smith refractometer. Its refractive index measured with a sodium 
flame was 1 480 It was kept in the dark and allowed to dry and measurements 
taken from time to tune The diagram on p, 180 gives the result of these 
measurements 

There is evidently n considerable rise in refractive index during the drying 
process , and that a lowering of tone takes place during this process is quite 
evident if we compare pigments freshly ground in oil with the same pigment- 
oil mature when the oil is dry But from the point of view of this investigation 
the interest was whether the rise in refractive index was going to continue 
X)n July IB the refractive index was 1 492 , and on July 10—that was two days 

n 2 
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Fig 1. 


after the him had been surface dry—1 401 From that tune Onwards the 
change in refractive index has been slow but continuous 


August 

7, 

.... 1 495 

August 

31 . ... 

. . 1 496 

September 11 

1-497 

October 

24 

1 498 

January 

15 

l 499 

March 

15. . . 

.. .. 1■500 


During this time there has been a slight drop in temperature, the temperature 
being from 17° to 19° C. during the summer months, and now being about 12 e C. 
Jt was necessary therefore to make a slight temperature correction on these 
readings, the A I changing 0 001 for a range of 10° C 

Judging by these results the film is slowly but steadily increasing m refractive 
index, and as we know that slow chemical changes, accompanied by increase in 
density, continue in linseed oil for years, we may, I think, safely assume that this 
increase in refractive index is going to continue—that consequently the lowering 
of tone which takes place in oil pictures is due not only to the yellowing of the 
oil, but also to its increase in refractive index. A change in refractive index 
from 1 '480 to 1 -500 causes a perceptible degradation of tone in white lead and 
makes a pale cadmium yellow appear dull and more orange in tint 
The bearing of these experiments on the practice of the oil painter is obvious * 
and it is of interest to see how far the earlier painters had learned by studio 
tradition to avoid these dangers. 

In the time of the Van Eycks—and considerably later—there is sufficient 
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ftvidenoe, from unfinished pictures, to show that the practice was, beginning 
with the white gesso panel, to lay in black and white, and even colour, in a 
low refractive index medium like egg or size, and to glaze thinly with oil pigments 
over this under-painting. Under these conditions the increase in refractive 
index of the oil would tend to correct the lowering of tone owing to the yellowing 
of the oil, as more light would be reflected from a bright tempera surface below 
A very interesting example of this technique is to be seen in the unfinished 
picture in the National Gallery by Michael Angelo, No. 790. Later, when the 
practice of beginning in tempera was dropped, the paintings were still done upon 
a white gesso and the high lights were painted very thinly on the gesso, as 1 
have shown by actual borings and measurements, so as again to ensure 
luminosity from the gesso below 

It is evident from this brief account of 15th and 16th century methods of 
painting oil pictures that the painters of that time hod thoroughly mastered 
the poAsihihties of the oil film, both in the matter of yellowing and of change 
in refractive index, and there can be no question that under modern conditions of 
painting in oil, the neglect of these two factors is the explanation of the lowering 
of tone which no often taken place, and if results as permanent as those of the 
Old Masters are to be obtained, the painter in oil must take both these changes 
into account and modify his methods accordingly, 

In conclusion, I wish to thank Mr Balsillie of the Mineralogical Department 
of the Royal Scottish Museum for the assistance he has given me in preparing 
thin paper 
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By L. B. Pfkll, M.8c„ A.ft.S.M. 

(Communicated by Prof. H. G. H. Carpenter, F.iLS -^Received May 10,192&) 

(Platbs 6, 7.) 

For mahy years attention has been directed to the embrittling of iron and 
steel by acid, and it is generally considered that the embrittling is due to the 
occlusion of hydrogen by the metal. 

This subject is of particular importance in those branches of the iron and steel 
industry where add is used to remove oxide from the surface of the metal 
before tinning, galvanising, wire-drawing, etc. There is also some reason to 
suppose that certain boiler failures may be connected with the occlusion of 
hydrogen by the metal. A large number of investigations dealing with various 
aspects of the subject have been published, notably by Longmuir (1), Andrew (2), 
Fuller (3), Goulson (4), Parr (5), Watts and Fleckenstein (6), Langdou and 
Grossman (7) and Edwards (6) 

In the above-mentioned papers much interesting quantitative data are 
available on the effect of hydrogen on the mechanical properties as determined 
bend testa, impact tests, alternating stress testa, and the ErichSen test. For 
the purpose of this paper it does not seem necessary to give an account rtf the 
results described in these papers, for comparatively bttle data dealing with 
the tensile properties of iron have been recorded. 

The experimental work carried out during this research may be divided into 
three sections — 

1 Tests on iron in the normal finely crystalline condition. 

2> Tests on single iron crystals, 

3. Tests on the boundary between two large crystals, 

Fig 1 is included to illustrate the very striking type of result obtained when 
specimens made up of large crystals are embrittled by hydrogen. The photo¬ 
graph shows a strip of iron 6 inches by 1} inches by -& inch, mainly composed 
of crystals about 1 inch in diameter. The strip was pickled for 30 minutes in 
20 per cent, sulphuric acid, and was then Snapped info pieces with the greatest 
ease. In the illustration it is clearly evident that fracture took place mainly 
through the crystal boundaries, Only in one place, near the top of the strip, 
had the fracture passed through a crystal, 
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v Occluded Hydrogen on 2'ensile Sh'ength qf Iron, X8f3 

„ {tv W lung beep tpwwn. that ferrous metals embrittled by pickling recover 
tkeifr jmnxud properties on standing, and for this reason quantitative tests can 
only be satisfactory if this tune factor be taken into account It was decided, 
therefore, to carry out the tensile tests m the first instance while the specimens 
were actually immersed m the acid. Sun pie immersion was uob satisfactory, 
for the oomwion occurring during the teat gTeatly decreased the accuracy of 
the results. Electrolytic pickling was used throughout the experiments to be 
described, for by this means corrosion was entirely prevented. 

The simple apparatus which was employed is illustrated in fig 2 A 2^-inch 
length of l{-inch diameter glass tube (A) was closed at tbe lower end by a rubber 



bung (B), through which passed one end of the test piece (C)_ A 1-imh diameter 
coil of platinum wire (D) within the glass tube formed the anode, and the test 
piece was made the cathode. The upper end of the test piece carried a rubber 
diac (E), a loose fit on the top surface of the glass tube to prevent the acid spray 
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from damaging the testing machine In some experiments ■ ©oil of small 
diameter rubber tubing (F) was wound round the glass tube and carried a 
stream of cooling water. With the aid of a funnel with rubber tab© attached 
the sulphuric acid electrolyte was introduced after setting up the apparatus in 
a 10-ton Buckton tensile machine. 

The material employed was J-inch diameter mild steel rod. Ail the carbon, 
however, was removed by a prolonged annealing at 750° C. in hydrogen gas, 
leaving iron of the following composition — 

0, nil, Si, 0 004 ; S, 0 034 ; Mn, 0-46 , P, 0-020 per cent. 

Some of the material was tested in the fully annealed, finely crystalline 
condition as it left the furnace, while the remainder was converted into single 
crystals by a method adapted from that devised by Carpenter and Elam for 
converting finely crystalline aluminium into single crystals (9 and 10) 

Test pieces were turned to the following dimensions -- 

Total length inches 

Parallel portion . . \\ inches. 

Gauge length 1 inch 

Diameter of parallel portion * .04 inch. 

The machining was carried out very carefully so os to avoid any distortion 
of the material of the test piece. The parallel portion was finished with emery 
papers down to the 000 grade so os to give a very smooth surface 

Testa on Finely Crystalline Iron (150 Crystals per square mm ) 

As a standard for comparison a number of test pieces were broken in the 
normal manner. The results are given in the following table;— 


Table I —Finely Crystalline Aggregate Tested in the Normal Manner. 


No. of lest 

Tensile strength 

Tons per square inch. 

Elongation 

Per cent, on 1 moh 

I 

19 10 

02 0 

2(A)* 

1830 

03 a 

3 

1942 

62 S 

4 

18 DO 

02 0 


Average 18’ 34 

Average 62 0 


* Throughout the Ubles let tew Indicate specimens Illustrated. (Bee Sg, 3, K) 
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Borne preliminary testa were earned out bo determine the most suitable 
^conditions for carrying out the tensile tests during pickling The variables 
taken into account were- 

1. The strength of the sulphuric ncid electrolyte 

2 The strength of the electrolysing current. 

3 The time the current passed before beginning the loading 

4 The diameter of the test pieces 

5. The rate of loading 

6. The temperature at which the test was made, 

1 Acid strengths of 5, 10, 20, 25 per cent concentrated sulphuric acid (by 
volume) were tried, but no difference in results was observed Ten per tent 
acid was used in all further tests 

2. Tests were earned out using currents from J to 4 amperes, equivalent to 
■a current density of 0 2 to 1 6 amperes per square inch of cathode surface 
No variation was found provided that when the heavier currents were employed 
a rise in temperature was prevented by water cooling A current or 1 ampere 
was standardised. 

3. Similar test pieces were broken alter electrolytic pickling for J J, 1, 2 
and 18 hours. A quarter of an hour was insufficient, \ an hour appeared to 
be sufficient, but to avoid any uncertainty pickling was continued for 1 hour m 
-all the tests which followed. 

No further change could be detected by prolonging the pickling beyond 1 hour 

4. Test pieces of the same material, but with three different diameters for the 
parallel portion, were tested under identical conditions, and gave almost 
identical results. It. was clear, therefore, that the conditions so far determined 
upon gave a complete penetration of the hydrogen even in the test picoes of 
larger diameter than those employed in the remainder of the work 

5. The time taken from the commencement of loading until fracture occurred 
was varied from approximately 2 to 30 minutes without any appreciable effect 
on the final results. An effort was made, however, to keep this time constant 
at 10 minutes. 

6. The temperature at which the experiment was carried out was found to 
be a factor of considerable importance. Comparatively small variations had 
a marked influence not only on the tensile strength and elongation, but also 
upon the actual path of the rupture The Influence of temperature will be made 
■clear in what follows. 

In Table II the results are given for tests on the finely crystalline aggregate 
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at a temperaturt oi about 25 u C. and under the standard conditions already 
mentioned (One ampere for 1 hour, 10 per rent Bolphuric acid, fracture in 
10 minutes) 


Table IT,—Finely Crystalline Aggregated Tested during Pickling at 25 fl C. 


No of teat 

Tensile strength 

Elongation 

Remarks 

Tons per square inch 

Per cent on 1 inch 

5 

| 

10 10 

8-0 

1 

0 

7 (B) 

lfl-72 

Hi HO 

10 0 

11 0 

^Interuryfltalliue fractures. 

8 1 

17 14 

13 5 

J 


AvinigL 10 00 

A\pr&go 10-0 



The tensile strength shows a doorcase, of 0 per cent, while the elongation la 
only one-sixth of that obtained in the normal test The most striking effect 
of the ocrluded hydrogen is seen in the nature of the fracture, which passes 
entirely between the crystals (interi rystallme) The specimens broke 
suddenly as if made from a hard and brittle metal, the fracture frequently 
occurring near the shoulder. The fracture was, in fact, similar to that obtained 
when metals arc broken at temperatures near their melting points, in which 
circumstance an mtercrystalline fratturo also results (II). 

Fig 3, A, shows | size a finely crystalline test piece fractured under normal 
conditions The specimen shows very marked necking at the fracture. Fig. 3, 
B, shows a piece of the same metal broken during pickling. The very small 
elongation ami absence of necking are clearly evident. 

As the temperature of testing w r as iaised, the tensile strength increased a 
little, the elongation increased most markedly, and the character of the fracture 
changed. Figures to illustrate these points are given in Table III 

The tensile strength is intermediate between that obtained in the normal 
test (18 34 tons per square inch) and that obtained during pickling at lower 
temperatures (10 011 tons per square inch) 

The elongation figures show a progressive increase with increasing tempera¬ 
ture, while the fracture changes from intercrystalline to transcrystalline * 

* Throughout the? report the words ' trwuwrysUlline fracture " are used In a rather 
restricted sense to mean fracture through the aiyetala after they have drawn down by severe 
slipping. A sudden fracture through cleavage planes, although in point uf fact trans* 
crystalline, is distinguished by being referred to throughout *jt 11 cleavage fracture." 
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Table III,—Finely Crystalline Aggregates Tested during Pickling at 
Temperatures from 30* (1 to 50° C. 


No oi teat. 

Temperature 
of (at. 

° C. 

Tenalle strength 
Tom mr itquara 
inch 

Elongation 

Per cent on 

1 inch 

Remark*! 

1MC) 

30 

17 54 

2*2 5 

1 

Intcrerystalbne fractures,. 

10 

35 

17 52 

25 5 


* with uraoks and a ten- 

ii 

3.1 

17 M 

25 3 

J 

denoy to local con trac bon 

12(D) 

40 

17 80 

42 O 

1 

Traiuoryatalline f rac I urea, 

n 

45 

17 03 

49 0 


- with crack* and local loq- 

14 

50 

17 53 

44 0 


traction 


1 

Average 17 71 

Average 34 9 



lfl(F) 

40 

17 47 

29 5 


1 Maximum load reached, but 

US (K) 

40 

17 111 

34 5 


f place* not broken 


Specimens 9, 10 ami 11 broke with tin luten ry stall me fracture accompanied 
by a number of small cracks m the parallel portion, ami No 11 showed, in 
addition, a tendency to netk at the fracture Fig 3, C, shows the fracture 
and cracks in No. 9 

In the case of specimens broken at the higher temperatures, the fracture was 
accompanied by a considerable amount of local contraction, and many cracks 
were visible The cracks were approximately at right angles to the length of 
the specimen, as a rule short in length and not very deep Near the fracture 
the cracks had opened up under the influence of the sirens and the fracture itself 
occurred in the position of the greatest crack. Fig. 3, i), shows a fracture 
characteristic of this type 

A series of test pieces showing stages in the approach of fracture were pre¬ 
pared by intercepting the seaming at various loads IVo pieces from such a 
senes ore illustrated in fig. 3 at E and F In both pieces the maximum load had 
been reached In F local contraction had scarcely set in, but the crocks may 
be seen over a considerable portion of the gauge length, and in the actual 
specimen minute cracks may bo seen fairly uniformly distributed over the 
whule of the parallel part 

In E a considerable amount of necking had occurred , some of the cracks had 
opened out to large fissures. Fracture was about to occur. 

Sections through these cracks have been prepared and examined under the 
microscope, The large cracks were partly intercrystallme and partly cleavage. 
The smallest cracks (visible only under the microscope) were due to cleavage 
each passing in a straight line through or nearly through a crystal. 
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SectioQB through the fractures showed that the main part of each was traos- 
crystalline in character, the minute crystals having drawn down by ahp, and in 
consequence exhibited after etching the darkened surfaces characteristic of cold- 
worked crystals. As already indicated, the remainder of the fracture passed 
through the cleavage planes and along the crystal boundaries. 

In view of what in stated in the section of this paper dealing with single 
crystals, it must be pointed out at this stage that the cracks in finely crystalline 
iron which have just been desenbod were not due to strains set up in the metal 
during the machining operations 

Some tests were carried out to determine for how long the effect of the 
occluded hydrogen remained aEter pickling. Specimens were pickled for 1 hour 
and then rapidly washed in cold water and dried Eesults are given in Table IV. 


Table IV. —Finely Crystalline Aggregate Tested after Pickling. 


No of tent 

Tune eUp«Ml 
since 
pickling 

Tensile strength 
Tons per square 
inch 

Elongation 

Per cent on 

1 Inch 

He marks 

17 

» 

1817 

01 0 

A few small cracks 

IS 

lfl seoonds 

IS 44 

00 9 


10 

3} minutes 

1S‘30 

66-5 

> Normal Fractures 

20 

20 minutes 

18 90 

«2 0 

J 



Average IS 37 

Avenge S3 0 



* Thw specimen was not washed, but wa* broken wet immediately after pickling 


It appears from these results that the effect of the hydrogen does not persist 
for more than a very short time This cannot in reality be true, because shock 
tests reveal a brittleness which remains Long after the end of the pickling It has 
been shown by other investigators that occluded hydrogen is driven off by cold 
working and by warming. It seems most probable, therefore, that in the early 
stages of the tensile test, when pickling has been discontinued, the hydrogen 
is driven off aod the normal properties regained 

Tests on Single Crystals. 

The results obtained from four single crystal teat pieces of circular cross- 
section broken without pickling are given in Table V. 

The method of fracture in these specimens was similar to that obtained by 
Carpenter and Elam m single aluminium crystals of circular cross-section (12). 
The crystals flattened in one dimension drawing down finally to a ,e double 
knife-edge ” or grooved fracture. 
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Table V.—Single Crystals Tested in the Normal Manner 


No. of beat. 

Tensile strength 

Ton* pot squire inch 

1 

Elongation 

Per cent on 1 inch. 

Remarks. 

21 

10 22 

3fi 0 


22(G) 

10 32 

.17 fi 

l Double knife edge or 

23 

1046 

05 5 

f grooved fracture 

24 

10 81 

530 

J 


Average 10 4.1 

Average 05 2 



Results obtained from single crystals broken during pickling are given in 
Table VJ. 


Table VI —Single Crystals Tested during Pickling at 25° C 


No cl test 

Tensile strength 

Tons per square Inch 

Elongation 

Ter cent on 1 inch 

Remarks 

20 

20(H) 

27 

28(1) 

29 G) 

30 <K) 

0 44 

10 25 

10 25 

10 .12 

0 02 

10 00 

Average 10 00 

1 45 3 

46 5 

53 0 

(39 5) 

(26 0) 

(30 5) 

Average, 

Noe 25 
to 27 48 3 

Tranac rys tall) no fracture 

[ accompanied liy cracks. 

Stages in the development 
of the fracture Man- 
J mum load reached, but 
specimens not actually 
^ broken 


It will be seen from these figures that the tensile strength of the single crystal 
was scarcely altered by occluded hydrogen! and that the elongation was only 
reduced by 12J per cent. The presence of the hydrogen, however, entirely 
altered the appearance of the fracture Fig. 4, G, shows a single crystal broken 
in the ordinary manner, while fig. 4, H, shows one broken during pickling. 
In these two, one-half of each test piece is shown in side elevation and the other 
half in end elevation Cracks may be seen running across H at right angles to 
the length, and fracture occurred at a point where one of the largest cracks had 
appeared 

In a number of specimens straining was stopped at various stages in the test 
and the specimens examined The cracks did not develop until a considerable 
elongation had occurred, by which time the crystals had flattened The cracks 
appeared on the broad sides of a crystal and were always at right angles to the 
length of the teat piece, They passed into the crystal approximately at right 
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angles to the surface, and penetrated to an increasing depth, m the straining 
was more severe. In fig 4, I, a single crystal is shown at a stage when the first 
crack appeared Fig 4, J, a la Ur stage, is shown where cranks have occurred 
throughout the parallel portion, and fig. 4, K, shows one crack opening out at a 
point where fracture is about to occur The re\ erse side of K is shown at K', 
where a lens-shaped area may be seen at the point where fracture is about to 
occur, such as was referred to by Carpenter and Elam in connection with 
aluminium crystals (13). 

Iu view of the work described in the next section, where it is shown that 
fracture through cubic cleavage planes may occur at low stresses when crystals 
are strained in tension during pickling, it was at first thought that the cracks 
in question were due to incomplete cleavage, The fact that the cracks were 
always very nearly right angles to the axis of stress made this explanation 
unlikely, for there was certainly some variation in the orientation of the crystals 
tested. 

Investigation showed that the cracks were not due to cleavage and were not, 
in all probability, connected in anv wav with crystallographic planes A. 
number of crystals were strained until the crackB appeared - that is, until a stage 
was reached such as that illustrated in fig 4, J. Sections were cut exactly 
parallel with the cracks and then polished Needle point indents were then mad" 
on the polished surfaces, and, from the shape of the silhouettes so produced, 
it was clear that the sections did nut all coincide with a cube plane (17) and (18) 
A further proof that the cracks were not due to cleavage was obtained by sub¬ 
jecting a crystal, in which the cracks had been produced, to a sudden blow 
before the embrittling effect of the hydrogen had disappeared. Cleavage 
fracture is readily produced in this manner and fig, 4, L, shows a typical case 
In tlic lower fracture a cubic cleavage plane makes an angle of about 45 degrees 
with the cracks previously produced; the upper fracture, although it appears 
to pass straight across, is in reality made up of two cleavages,. both at 45 degrees 
to the cracks. 

The only simple explanation for the formation of the cracks which remained 
was that they were due to the straining of the crystals during the machining 
Attention must again be drawn, however, to the great care taken in the turning 
and the excellent surface finish produced. The view that the cracks were due 
to straining was supported by some similar tests on single crystals in strip form. 
These were milled to size, the cutter travelling parallel to the direction of the 
tensile straining. In these best pieces no cracks developed. 

To teat this possibility, a further supply of single crystal test pieces were 
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turned, blit they were annealed before the tensile teat Annealing for 1 hour 
nfc 650° 0 did not prevent the Formation of the cracks during the subsequent 
testing Annealing for 1 hour at 850° 0 , however, prevented their formation 
except for some very small ones in the lmmodmlc neighbourhood of the actual 
fractuTe. 

The appearance of annealed crystals when etched Jn dilute nitrir and was 
particularly interesting and instructive Minute crystals had formed, due to 
recrystallination, in four bands along the length of the parallel portion Two 
of these bands were about 1/JO of an inch wide and the other two somew T hat 
less than this The teat piece was still essentially mono-crystalline and showed 
the usual light and shade effects caused by the reflection of light from the facets 
■of the minute etching pits. The bands of minute crystals would, in fact, prob¬ 
ably not have been observed had their presence not been expected. The 
bands were distributed in asymmetrical manner—a broad band at each end of a 
diameter, and a narrow band at each end of a diameter, but the two diameters 
were nut at right angles 

The recrystallisation makes it. clear that some surface cold working occurred 
during the machining The symmetrical arrangement of the recrystalbsed parts 
shows that some crystallographic planes (judging from the appearance of the 
etched tryd&ls, probably either the octahedral or the lcosetetrnhcdral planes 
are more liable than others to be affected by the turning operation (19) Finally, 
the absence of cracks in single crystals tested after a suitable annealing treat¬ 
ment indicates that the cracks in crystals not so treated were dup to machining 
strains which are intensified in some w ay by the occluded hydrogen. 


Table VII.—Single Crystals Annealpd for I hour after Machining and Broken 
during Pickling at 25 G C 


No of trst 

Auuvitling 

Temperature 

r e 

i 

Ten*lie uLrengMi 

1 Ttuu per squiiN 
inch. 

Kl negation 
lVr cenl on 

1 inrh 

Hem ark* 

31 

U30 

| 10 09 

4S 0 

Many crack* 

32 

33 

34 

35 

30 

350 

TOO 

TOu 

H90 

TOO 

0 07 

0 71 

0 P'l 

10 40 

10 5li 

Average 

\ 9_ 

Til O 

07 0 

M 0 

52 0 
54-8 

Avenge 

1 A few am all cracks it the 
f actual fracture only 



no* o 2 - 

to 3(1 10 11 

__ 

to 30 04 B 
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In Table VII (p. 191) some result* are giten for single crystals annealed aftoi 
machining and broken during pickling. It will be seen that when mAnhiitin g 
strains are absent occluded hydrogen has no important effect on either the tensile 
strength or the elongation. 

Tests on the Boundary between Two Large Crystals, 

Test pieces were prepared from material made up of crystals £ to J ol an inch 
long, most of them occupying the whole croee-section of tho rod. The parallel 
portion of such test pieces consisted of two or three crystals. 

These test pieces when broken in tho ordinary way always failed by the 
drawing down of one of the crystals to a knife-edge fracture, the tensile strength 
being practically tho same as if the whole parallel portion had been occupied 
by one crystal. When broken during pickling, however, very different result* 
were obtained. The five following types of fracture have been encountered -- 

(а) The fracture parsed entirely through the boundary between two crystals. 
(IntercrystaUine ) 

(б) The fracture passed entirely through one of the crystals exactly as in the 
case of a single crystal tested during pickling. (Tranwryatalline ) 

(c) The fracture passed entirely through cleavage planes (Cleavage ) 

(d) The fracture was partly intercrystal lino and partly cleavage. 

(c) The fracture was partly iutercrystalhne, partly cleavage, and partly 
transciy stalling 

Tensile strength and elongation figures for one or more of each of these typo* 
axe given in Table VIII. 

Of these specimens, three arc illustrated at M, N and 0 in fig. 4, representing 
the intercrystalline, the cleavage, and combined intercrystalline and cleavage 
types respectively 0 is of particular interest, as it shows, in addition to the 
type (d) fracture, many cracks, both IntercrystaUine and cleavage, throughout 
the parallel portion. At the fracture one small crystal broke away and was not 
included in the photograph 

It is of interest to note the very low tensile strength accompanying the inter- 
crystalline type of fracture and the exceedingly low elongation accompanying 
both intercrystalline fractures and cleavage fractures The teneilfc strength, 
of specimens showing a purely cleavage fracture was found to be very variable. 
(The lowest value was 4 96 tons per square inch and the highest 12*64 tons per 
square inch ) It is probable that the angle between the cleavage plane and 
the axis of stress is the determining factor in this connection, for it was found 
that the nearer this angle approached 90° the lower was the tensile strength. 
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Table VIII —Teat Pieces Consisting of Two or More Crystals in the Parallel 
Portion Broken during Pickling at 25° C, 


No. of teat 

Teulile itrength 

Elongation 

Remarks 

Tom per square Loch. 

Per cent, on 1 moh 

37 

a S4 

7 0 

1 Type (a) 

as (M) 

0 so 

7-0 

f Intercjyiteihne fracture 

3B 

40 

1 JO 30 

11 ■ 72 

40 S 

i 26 0 

\ Type (6) 

/TranaoryifcaLlme [nurture 

41 

4 BO 

1 0 

\ Type (e) 

43 (N) 

12 64 

3 0 

/ Cleavage fracture. 

43 

44 

10 87 

10 60 

ft 5 
ft 0 

f Type (rf) 

< Intercryatalline and oleav* 
l age fracture. 




f Type [d) 

4fi (0) 

11 00 

10 0 

J Willi cleavage and inter* 



l Crystalline cranks 

40 

fl 37 

4 0 

f Type (e) 

J lntenryHlalline, tranacryti- 




L tailing and cleavage 


Cormderaiwn of Retails 

1, Ocehidod hydrogen has a remarkable weakening effect on the mber- 
cryatalLme boundary This applies not only to the boundaries between very 
large crystals, but also to the boundaries between the very minute crystals of 
which ordinary iron consists The strength of the boundary between two single 
crystals has been shown to be about &4 tons per square inch and of the boundary 
between very small crystals about 17 tons per square inch It is probable that 
this marked difference is due, not to any real variation in the strength per unit 
area, but to the difference m the ratio between actual area of fracture and the 
cross-sectional area of the test piece in the two cases. This ratio is certainly 
much greater in the case of the aggregate than it is in the case of the two large 
crystals. 

It may be mentioned here that a few experiments which have been mode 
indicate a progressive fall in boundary strength as the crystals are larger. Since 
the tensile strength of iron obtained in the normal manner is nearly constant 
over a considerable range of crystal sues (14), the ratio between tensile strength 
as normally obtained and boundary strength as obtained by tests during 
pickling will be found to vary with the size of the crystals in the specimens 
tested. 


von. oxn.—a. 


o 
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2. In addition to its effect on the boundaries, hydrogen decreases the cohesion 
across the cubic cleavage planes, a pull of 0 tons per square inch applied at 
right angles to the cleavage plane being sufficient to cause separation 

3 Occluded hydrogen does not prevent deformation by slipping on the 
icosetetrahedral planes of the iron crystal (15) Judging from the behaviour 
of the single crystals during these testa, it seems improbable that the hydrogen 
has even any important effect on the resistance to movement along the slip 
planes. 

4 In a single iron crystal certain crystallographic plane* or directions are 
particularly liable to damage during machining operations (16). The surface 
cold working does not become evident m an ordinary tensile test, but in mode 
very evident when the test is made during pickling 

5. The effect of hydrogen on the finely crystalline iron is very much less 
marked at temperatures a little above room temperature Under these con¬ 
ditions the crystal boundaries are not so greatly weakened. Fracture takes 
place mainly thrvugh the crystals after they have drawn down by slipping, but 
the pomt at which fracture occurs is determined by cracks which form os a result 
of a limited cleavage and mtercrystalline failure. The cracks probably originate 
in those crystals so set at the surface of the test piece as to present a cleavage 
plane at right angles to the stress, these being particularly liable to fracture at 
low stresses. The minute notches so produced lead to large cracks - which, 
decreasing the effective cross-section of the test piece, cause a low value to be 
recorded for tensile strength. 

0 Unless the pickling were continued during the stressing the effect of the 
hydrogen was scarcely noticeable in these tests This indicates how limited 
in value is the tensile test as a means of investigating mysterious failures which 
sometimes occur in steel structures for which occluded hydrogen is suspected as 
being responsible 

The author wishes to express his gratitude to Prof. C A. Edwards, P.So , 
for allowing this work to be carried out m his laboratories and also for the 
encouragement which he constantly gave. 
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The Infra-red Secondary Spectrum of Hydrogen, 

By T. E. Alu bone, M Sc., Physics Department, The University, Sheffield. 

(Communicated by Prof. S. ft. Milner, F ft 8.—Received May 19, 1920 ) 

(Plan 8.) 

The diet observations of the " many lined M spectrum of hydrogen in the 
infra-red were made by Crosc,* who measured the wave-lengths of 72 lines 
between 6836 A.U and 8027 A U. to tho nearest integer on the Rowland system. 
Porlezzaf measured the wave-lengths of 4.3 lines between H. and 6963 A.U. 
with greater accuracy, but failed to observe lines of greater wave-length than 
7000 A.U , oven though his photographic plates were specially sensitised. 
Watson J had likewise failed to detect lines in the infra-red above H., though 
his pi a tea were treated to record up to 8000 A U Croze§ corrected some of his 
earlier lines and added some 27 more, but did not extend the further limit 
beyond 8027 All, and his later results were still only given to the nearest 
integer As Merton and Barratt|| had investigated the secondary spectrum 
only for wave-lengths less than H„ it was thought desirable to rc-inveatigate 
the infra-red region, to obtain a more accurate record of the wave-lengths of 
the lines, and to push the limit, if possible, to longer wave-lengths. 

A plain diffraction grating spectroscope fitted with quartz lenses was used. 
The grating had 14,500 lines to the inch and gave a dispersion of 25 A per mm. 
An H-shaped vacuum-tube, fitted with aluminium disc electrodes at the heads 
of the upright stems, contained hydrogen, and to one stem of the tube 
a large glass bulb was scaled, so that a considerable volume of gas was available 
at about 2 min pressure. The capillary tube connecting the stems was 2 mm, 
internal diameter, and light emerging from tho end of this tube parallel to the 
tube was directed on to the Blit of the spectroscope with a quartz lens. In 
this “ end-on ” position the intensity of the secondary spectrum was at a 
maximum 

The discharge was excited by an induction coil with hammer break, and it 
was found that addition of inductance or capacity to the circuit reduced the 
absolute intensity of the secondary visible spectrum. The intensity was, 
however, increased by running the coil on a high voltage (60 volts) with rheostats, 

• ■CR,’ vcl 1C2, p 1074 (Jane, 1011). 
f 1 Atti. Accod, Lintei, 1 voL 20 (2), p, 176 (August, 1911), 

X ' Roy. Boo. Proc,’ A, vol. 82, p. 189 (1909). 
f 'Ann. Physique, 1 vol 1, p 35 (1914). 

|1 ‘ Phil. Truis.; A, vol. 222, p 360 (1922). 
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when the discharge lied almost the umi appearance at each electrode, and the 
intensity of the H. was considerably reduced. The Large applied voltage had 
the additional advantage that the coil worked steadily for hours without attention 

Adjustments of tho spectroscope were made with light from the Cu or Fe 
arc, both possessing strong infra-red spectra. A red filter cut out the srcond 
order spectra. The hydrogen spectrum was photographed adjacently to the 
iron arc, and an exposure of sir or eight hours gave a strong succession of lines 
extending from H, to 8300 A.U., similar in appearance to the visible secondary 
spectrum. 

It was impossible to focus the whole of this region of the spectrum on one 
plate, so it was measured in two sections. Visual estimates of intensities 
(0 to 20) were made on each Line, the mean wave-lengths reduced to vacuo, 
and wave-numbers calculated. 

The photographic plates were sensitised according to a formula developed 
by Mr. L Wright in this laboratory. Two solutions, A and B, were mired 
just previous to use — 

Solution A. 0*005 gr. dicyamne dye dissolved in 10 ccs methylated 
% spirit. 

Solution B. Fifty c cs. methylated spirit, 50 c cs. distilled water, and 
5 c.cs ammonia 8p. gr 0 88. 

The first solution hod to be freshly prepared for each plate, but the other 
could be made up in bulk. The plate was immersed id the bath for 10 to 15 
minutes, moving the solution continuously over the surface of the plate; then 
it was dned rapidly in a current of air. As the sensitiveness diminished after 
about three dayB, plates had always to be sensitised just previous to use. After 
exposure, they w T ere bathed in a solution of methylated spirit and water to 
remove any grams of dye adhering to the surface, but even this did not 
prevent a M spotting ” of the plates occasionally Ordinary panchromatic 
developer was used. 

Some 320 lines have been observed of wave-length greater than H., and these 
are recorded in Tabic I, H a (wave-number v = 15233*22) to 8349-52 A.U. 
(v s=a 11973-44), the wave-lengths being referred to the secondary standards 
of the iron arc.* The Bpectrum, os stated before, was photographed in two 
sections, 8349 A U to 6921 A.U. and 6963 A U to H, In the first section 
two plates were taken, A and B, and the wave-lengths recorded in the table 
are the mean of calculations on the two plates, each plate having been measured 
on the comparator twice In the second section only one plate was taken, 
* International Iron Arc Secondary Standard*, Burns, ‘OR, 1 vol 106, p 1612 
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but it was measured on the comparator three times, Thus the estimated error 
can only be given for lines falling in the section 8349 to 6921 AJU. In a te^p 
cases lines appeared on plate A which dad not occur on plate B, and vice vend, 
bnt these lines, without exception, were of intensity 0 or 1, so that, though 
observed on the one plate they may have been too doubtful to record on the 
second , these lines have been noted in the tables by the letter A or B. On 
the whole, the impression on plate B was sbghtly stronger than on plate A- 
Four curious anomalies occur which cannot be accounted for - lines 7442-33, 
7423-61, 7395 91 and 7394 97 have intensities 1 or 2 in plate A, but 0 or 6 in 
plate B The photographs were taken without any change in setting of the 
apparatus, and, as far as was ascertained, the character of the discharge did 
not alter Line 7362-18 in plate B was observed to be a doublet in plate A, 
7262-48-7261 91, In succeeding columns in Table I are recorded the wave¬ 
lengths m I.A units, the estimated errors where known, the intensities and the 
wave-numbers corrected to vacuo. For comparison the wave-lengths of lines 
found by Croze 8029 to 0836 A.U. (Rowland system), and recorded in bis two 
papers, are given with those of Porlezza, 6962-82 to 6566-92 and Piazzi Smith, 
6836-2 to 0567 5 It will be seen that there is very little correspondence 
between the author's results and those of Croze, both with regard to wave¬ 
length and relative intensity of the lines, It is known that the character of 
the secondary spectrum depends on the conditions of excitation and pressure 
of the gas, and these factors may account to some extent for the marked dis¬ 
crepancy, but Croze’s results published in 1914 differ by as much as 3 A U. 
from those published m 1911, and his dispersion was only 185 A U. per inxn, 
whereas the author used a dispersion of 25 A. per mm Porlezza’s results 
are in closer agreement, but even here it should be noted that his measurements* 
of wave-lengths of the lines below H« in the visible spectrum differ from those 
of Merton and Borratt by amounts ranging up to 1 A U In this region below 
H* the author’s results agree with the latter’s to within 0 1 A. 

With regard to the punty of the gas, it was found that in the visible secondary 
spectrum no lines occurred which are not also recorded by Merton and Barratt. 
It ib possible that helium may have been present to a small extent, but a photo¬ 
graph token of the discharge in a tube containing hekum and showing strong 
band spectra in the visible region gave no infra-red band spectrum in a bix- 
hours exposure, so that it may be concluded that none of the bnes here recorded 
is due to helium, Furthermore, two other tubes filled with hydrogen prepared 
electrolytically, and punfied by passing through a liquid air trap, produced 
spectra identical with the first tube, 

* Porluns and NonJ, “ Attf. Aocod. Linoef, 1 vqK 20 (]}, p. B10 (1011). 
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Table 1. 


Wave-length, 

i A. 

Error. 

Intensity 

Wave-number 

Wave-length 
(Croze, RJL.) 

Intensity. 

(vao.j 

1911. 

1014 

6340 52 

0*02 

a 

11073 44 




B. 30*40 


1 

12000 84 




0873'20 

O-Ofl 

2 

83 80 




28-07 

0-01 

1 

12158 15 




B. 10 11 


0 

67 60 




6104-64 

0 01 

3 

12244 58 




B 30 65 


1 

05 45 




30 56 

0-01 

1 

05 60 




10 10 

0 01 

2 

12319 32 




04-11 

0 03 

1 

36 tj2 




00-08 

0 00 

1 

42 13 




8094-60 

0 00 

1 

50 20 




01 46 

0 00 

1 

55-29 




54-61 

0 07 

2 

12411 65 




30-47 

0-11 

l 

39 86 




». 32 25 


L 

46 30 








8027 

8020 

1 

18 75 

0-00 

3 

07 35 




13 48 

0 01 

1 

79 64 




ti 07 07 


0 

85 53 




B 00 05 


0 

96 48 




B. 7994 04 


0 

12504 94 




01 55 

0 00 

1 

09 77 




B 87 29 


1 

| 16 43 




85 76 

0 00 

2 

18 85 




84-10 

0 05 

2 

21 46 




70 13 

1 0 08 

3 

43 40 




07 24 

1 0 00 

1 

47 05 




A3 23 

0 00 

1 

04 27 




R 50 02 


1 

50 48 




50-04 

0-04 

1 

64 20 




53 27 

0 04 

1 

70 00 




50 03 

0 03 

1 

75 12 


7950 

2 

B 47 27 


1 

70 40 




33-20 

0 02 

1 3 

12601 65 




A- 23-35 


1 

17 45 




B 22-70 


1 

18-35 




U3 04 

0 07 

3 

49 H* 




00 32 

0 03 

3 

54 24 




A 7805 57 


0 

61 65 




A 80 33 


1 

70 36 




75 07 

0 07 

2 

04-81 




50-63 

0 05 

A 

12724 01 




28 07 

0 01 

1 

08 41 









7827 

6 

12 60 

0 00 

3 

90 21 








7810 

7809 

6 

04-17 

0 01 

3 

12610-14 




7708 08 

0 01 

1 

18 66 









7797 

3 

00 03 

0 04 

6 

33 38 




74 14 

000 

2 

50 01 




57-10 

0-01 

l 

87 SB 

1 



B. 55*12 

f 

1 

01 16 




B 45 46 


0 

12907 24 


46 

5 

39 02 

008 

l 

16-47 




32 63 

0 01 

0 

28 32 







200 


T. E. Alii bone. 


Table I,—(continued). 


Wira-laiurth, 

I A 

, Error 

Infinity. 

Wm-number. 

Wivs-lungtA 
(Cross, B.A.) 

Intondtji 

(vec.j 

1911. 

1914 

B. 7728 79 


1 

13933-07 




a 24 28 


1 

42 62 




21 07 

0 00 

1 

47 00 




19 01 

0 08 

2 

51 45 




00 >22 

0 00 

3 

72-96 




A. 04 80 


1 

75 27 


7700 

5 

B. 03-18 


1 

78-11 




7098 49 

0 00 

1 

80 08 




92 07 

0 12 

0 

95 81 




90 40 

0 10 

1 

99 56 




80 48 

0 00 

5 

13007-96 




79 42 

0 02 

2 

18 22 




72 91 

0 06 

1 

29 29 




08 97 

0 03 

1 

35 67 


7060 

8 

01 09 

0 00 

6 

49 38 

7603 

7660 

0 

04 30 

0 00 

3 

60 85 




50-86 

0 02 

4 

66 82 




47 76 

0-09 

4 

72-14 




B 4019 


1 

7b U3 




B. 41 87 


1 

82 21 









7639 

2 

80 21 

0 01 

1 

93 61 




31 46 

0 00 

1 

13100 05 




23 17 

0 01 

2 

14 29 




20 76 

0-01 

2 

16 44 




13 94 

0 02 

2 

30 18 

7013 

7615 

0 

09 86 

0 04 

1 

37 22 




06 20 : 

0 00 

4 

43 45 


07 

a 

03 42 1 

0 02 

0 

48 36 




7597 27 1 

0 01 

0 

59 01 




93 80 

0 01 

1 

05 02 









' 7580 

3 

84 09 

0 04 

3 

80 82 









82 

5 

79 33 

0 01 

2 

90 15 




70-33 

0 03 

4 

95-37 


76 

A 

71 63 

0 03 

3 

13203 50 




A 07 10 


0 

11 39 




HO 32 

0 02 

1 

14 58 

7565 

7505 

3 

01 43 

0 03 

3 

21 37 




08-90 

0 03 

3 

25 71 









7557 

4 

40*13 

0 00 

4 

49 93 

7546 

7545 

8 

42-03 

0 02 

4 

55-37 




38 51 

0 03 

0 

61 M 




37 24 

0 01 

3 

63-79 

7530 

7530 

7 

30 00 

0 02 

2 

67-75 




31-15 

0 02 

2 

73-47 




28 40 

o oa 

1 

79-38 


7529 

a 

24-64 

0 01 

8 

80 02 




22 26 

0 01 

1 4 

90 22 








7518 

7519 

3 

14 77 

0 06 

1 

13303 40 


16 

2 






14 

4 

12-43 

0 04 1 

3 

07 fll 




07 20 

0 02 1 

D 

10 78 





d =r- diffusa 
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Wave-length, 

iJL 

| Error. 

Intensity. 

Wave-number. 
(Vac} 

Wave-length. 

(Onu, R A.) 

| Intensity 

1011 

1914. 

7004-13 

0-08 

04 

13322 32 

7505 

7005 

0 

7497 89 

0 03 

1 

33*40 




96 30 

0 01 

1 

36-23 

7496 

7496 

5 

89-46 

0-03 

2 

48-42 




8804 

0 04 

2 

50 90 


88 

2 

84 40 

0-03 

1 

67 46 








81 

80 

t 

78-33 

0-00 

3 

68 29 




74-48 

0-01 

0 

78 17 




08-40 

0-06 

8 d 

85 94 

08 

67 

0 

64-70 

0 03 

1 

92-09 




03-16 

0 03 

1 

97 20 




00*44 

0 00 

6 

13402 IS 




06-40 

0 01 

4 

09 25 









53 

6 

49 £6 

0 02 

JL 

20-40 




A* 44 02 


1 

29-90 

45 

44 

2 

42 93 

0 01 

A 1 

i 32-06 






B H 





38 63 

0 03 

1 

39-64 




34 84 

0 02 

3 

46 48 




23 80 

0 01 

3 

48 20 




31 23 

0 02 

2 

53 02 









28 

2 


1 

A. 1 





23 61 

0 05 

B 0 

66 82 




31 63 

0 02 

4 

70 42 








16 

17 

2 

14 00 

0-01 

3 

84 13 




B 07 61 


1 

05-55 


00 

fl 

06 20 

0 02 

1 

98 40 




04 21 

0 00 

1 

13502 11 




02-40 

0 00 

0 

06 21 








7401 

7399 

0 

7998-27 

0 03 

1 

12 05 




06 91 

0 00 

A 2 

17 20 






B 8 





94 97 

0 01 

A 2 

18 07 






B n 









7388 

86 

0 

84 07 

0 03 

4 

38 92 








80 

80 

0 

78 71 

0 00 

1 

40 78 




76-03 

0 02 

4 

05 54 




71-82 

0 02 

4 

01-44 




70 04 

0 06 

1 

64 71 




68 10 

0 04 

1 

00 20 




67 01 

0 00 

1 

70 29 

08 

66 

0 

60 42 

0-02 

2 

73 22 




QO £9 

0 00 

8 

82-67 




67-05 

0 00 

1 

80 06 




65 96 

o-oa 

3 

90-67 




54-17 

0 04 

4 

03 08 




SO 58 

00 0 

12 

13600-73 

46 

40 

8 

44-85 

0-05 

1 

11-24 








41 

42 

4 


d did i we 
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Tabid I — (continued). 


Wave-length, 

I k 

Error. 

lateuHty 

Wave-number 
(Vm) 

Wave-length. 

(Crow, R.A.J 

Intensity. 

1911 

1014 





7337 

7337 

4 

7333 til 

0 03 

3 

13632 00 








30 

31 

4 

£8-20 

0 01 

6 

41 00 








25 

25 

6 





21 

21 

3 

Id 72 

O'OD 

3 

57 B5 




18 20 

0 01 

2 

60 62 




16 W! 

0 01 

2 

63 11 








15 

15 

6 

13 02 

0 02 

a 

70*46 




00 88 

0 01 

6 

76 35 




07 19 

0 00 

H 

81 39 




03 79 

0-01 

1 

87-60 

04 

04 

7 

01 76 

0 01 

1 

91-56 




00 20 

0 01 

4 

94-32 




7295 62 

0 00 

8 

13703 08 

7295 

7207 

6 

00 86 

0 00 

2 

11 DB 




80 18 

U 01 

0 

15 IN 




87 60 

0 01 

2 

18 04 




86 Afl 

0 01 

1 

20 11 

80 

85 

D 

H4 10 

0 02 

1 

24 74 




80 10 

0 03 

5 

32 28 




75 74 

0 01 

I 


76 

76 

7 

74 62 

0 01 

1 

42 02 




72 16 

0 07 

1 

47 28 




70 07 

0 03 

10 

51 25 

09 

70 

8 

67 04 

0 01 

7 

50 97 




A 62 48 


3 

05 01 




A, 61 01 


a 

00 09 




B 62 18 


12 





60 OB 

0 05 

4 

70 21 


58 

6 

94 20 

0 02 

10 

81 32 




53 41 

0 02 

10 

82-82 




51 12 

0 01 

1 0 

87 17 




44 35 

0 00 

, 10 


45 

43 

5 

40 00 

0 02 

12 

07 22 








34 

34 

5 

dl 06 

0 00 

10 

23 42 




28 07 

0 02 

0 

31 13 








20 

27 

3 

2B 33 

0 02 

1 

30 39 




22 01 

i 0 04 

3 

41 02 

22 

22 

5 

IB 35 

0 05 

3 

40 70 




1G 10 

0 00 

1 3 

50 00 

16 

10 

9 

n oo 

, 0 05 

| 1 

63 71 


l 


10 23 

0 00 

7 

05-31 

08 

10 

3 

05 60 

0 06 

1 





03 40 

0-00 

1 





Oi 34 

0 02 

ri 


02 

02 

a 

7108 00 

0 03 

2 

88 03 




9S 82 

0 00 

10 

S3 13 

7195 

7106 

8 

88 67 

0 02 

1 

13006 05 








80 

87 

8 

84 20 

0 02 

JO 

15-46 




70 65 

0 00 

10 

24 41 

80 

80 

5 

70 47 

0 00 

5 

30-98 
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Table I—(continued). 


Wave-length, 

1 k 

Emu- 

Intauity 

Wavenumber. 

(Vac) 

Wavelength. 

(Owe, R.A ) 

Intensity 

1011 

1914 

717313 

0 01 

4 

13037 07 




70-10 

0 00 

2 

42 00 

7171 

7171 

7 

68 02 

0 00 

8 

45*25 




A 67*50 


1 

47 84 




66’79 

0 00 

1 1 

49 53 








65 

65 

5 

00‘ 42 

0 01 

3 

01 S3 




55-83 

0 02 

4 

70 77 




02 42 

0 00 

3 

77 43 

53 

03 

5 





43 

43 

5 

30 40 

0 07 

4 





38 17 

0-02 

4 

05-83 




34 02 

0 01 

0 

11 70 




B» 20 51 


0 

22 33 

30 

28 

3 

20-65 

0 05 

l 

27 06 




24-42 


2 

32 37 




21-65 


i 

87 83 




16-73 



47-53 

10 

16 

0 

14 38 



52 17 




12-66 

0 00 

■W 

55 56 








07 

07 

5 

04 03 

0 03 

i 

71 04 




7000-01 

■IS 

i 

01 30 




00 39 

■EX 

a 

80- 77 

7007 

7090 

0 

81-36 

iBs 

2 

14117 60 








80 

80 

3 

75 20 


0 

20 80 








72 

72 

10 

B 07 13 


0 

40 11 

67 

67 

2 

63 07 

0 03 

3 

54 24 




01-00 

0-00 

3 

57 37 

61 

02 

3 

A 09 10 


0 

62 04 




B. 55-70 


1 

60 84 

50 

00 

B 

53 20 

0 13 

l 

74 00 




40 60 


10 









47 

48 

8 

40 10 

0 02 

3 

N« IN 




44-08 


3 

00 «0 




40*78 

0 00 

2 

00 16 




A 39 30 


2 

14201 06 




35-70 

0 06 


00 Jl 

30 

37 

7 

31-41 

0 00 

l 

17 00 




27 20 


l 

20 49 




B. 24 31 


2 

n 30 




A 28 03 


2 

33 11 




22 38 

0 05 

1 

30 27 

21 

23 

5 






13 

4 

10-70 

0 04 

3 

50 80 




04-15 

0 00 

1 

' 73 32 

05 

04 

4 

02-27 

0 01 

1 

77 15 








0005 

0003 

4 

6088 47 


4 









90 

80 

4 

78 00 

0 05 

2 

26 63 








72 

72 


B. 66 61 


1 

52 20 

87 

67 

0 
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Table I.—(continued), 


Ware-length, 

ijl 

Intensity 

Ware-number, 

<Vm) 

Ware-length. j 

Intensity 

(P. Smith ) 

(Porlezz*.) 

obib 10 

3d 

14002-79 


6817-74 

1 

Id 1 43 

3 d 

68 fU 

6616 4 


4 




14 5 


6 




113 


10 




00 4 


8 




08-2 


7 

06-55 

12 

87 67 

06-0 

00*20 

5 

02-70 

1 

06 86 

03 0 


0 

00 62 

1 

14700 48 

0706 l 


10 




00 3 


0 

0703 S3 

8 

16 12 








6792 66 

0 





00 30 

1 




86 2 


10 

@0 70 

1 

43-08 







47 7 


5 

72 36 

0 

61 02 




71 IB 

0 

04 38 

71 4 


5 

68 44 

0 

70 37 

60 3 


8 




<10 2 


0 

Off 33 

0 

77 12 

00 1 


0 

60 48 

0 

H7 76 

00 0 


4 

59 01 

0 

89 68 




50 41 

10 

90 00 


G5 62 

3 




54 0 


3 




50 0 


11 

48 D1 

1 

14813 13 

49 4 


5 




45 1 


2 




44 7 


1 

43-83 

1 

24 28 

43 0 


1 

42 40 

f* 

27 23 


42 54 

2 

38 03 

1 

37 04 

30 3 


8 

33 29 1 

l 

43 07 




33 52 

1 

46-97 

M 1 


3 

30 34 

0 

33 09 

30 4 


4 

28 35 

2 

57 04 







27 1 


4 




20 0 


4 

23 80 

0 

GB 43 

23 3 


4 

21 21 

2 

74 10 

20 0 


3 

19 70 

2 | 

77 30 

17 8 


5 

17 83 

2 

81 60 




16-37 

4 

84 87 

16 0 

10 90 

0 





14 80 

8 





13 10 

6 

07 67 

4 

14904 20 







05 4 


0 




04 6 


8 

01 96 

8 

10 91 


01 73 


6690-46 

1 

22 48 

0699-3 

0098-94 

8 

96 89 

10 

28-18 


90 80 

1 

94 80 

6 

32 84 

04-1 

94 78 

9 




92 2 


7 




90 0 


5 

88 03 

2 

47 06 

89 2 


6 

86 37 

1 

53 90 

86 8 


4 


d => did me 
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Table I.-^(continued) 


Wave-Inn ath, 

i A. 

Intensity. 

Wave-number 
(Van ) 

| Wave-length 


(P. Smith) 

(PorU»eca) 

Intensity. 




6064 4 


4 

0032 24 

1 

14000 03 

82 D 


4 




80 7 


4 




78 0 


S 

77 80 

4 

70 73 

77*0 

6677 41 

4 




73 0 


6 

74 08 

2 

77 19 

74 0 

75 11 

6 




71 1 


2 

70 49 

0 

87 27 

70 0 


2 




09 0 


1 




68-3 


2 




07 H 


1 

00 25 

0 

00 80 

07 2 


1 




04 0 


2 

61 30 

l 

10007 94 

01 0 


2 




50 8 


1 




53 9 


2 




02 2 


1 




48 7 


2 

47-29 

3 

30 08 

46 2 

47 19 

2 

43 09 

2 

49 07 

43 2 

43 31 

2 




41 0 


2 




38 7 


l 

36 74 

3 


35 1 

30 46 

A 

33 90 

3 


32 7 

33 47 

6 

30-30 

4 

Vsxmitimt: 

29 2 


6 

29 00 

1 

■ 

27 3 


7 





24 64 

l 

23 00 

0 

02 07 


20-47 

1 

22 00 

0 

00 00 

22 6 

22-62 

8 

20 78 

0 

90 79 

2L 4 

20 77 

10 

10 81 

2 

10102 00 

20-0 

19-24 

4 

17 02 

1 

00 09 


17-40 

4 




10 4 


4 

14 67 

1 

13 27 

13 3 


1 

11 62 

0 

20 24 ; 

11 0 


2 

10 05 

0 

22-24 




00 21 

0 

20 21 

06 5 


2 





04 97 

l 

01 06 

3 

42 60 

01-3 


3 

6A0Q 74 

1 

47 93 

00 « 

00 77 

3 

07 00 

4 

52 02 

6598 2 

6597 08 

4 

05 70 

2 

57 10 

94 0 


8 




02 0 


4 

89 03 

3 

72 50 


00 00 

4 




88 1 


8 

83 34 

1 

61 03 


83 98 

10 




64 7 


l 




64 3 


7 





79 73 

0 




74 3 


9 




72-0 

72 06 

4 

70 00 

2 

15210 91 

70-fl 

70 11 

7 




07-5 

60 92 

9 

H» 02-82 

20 

33 10 

03 1 

03-03 

16 
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FuUher's First Band. 

It has been possible to extend Fulcher's first band into the infra-red, and the 
wave-numbers of the members of the S v 9 B and S s bands are given in Table II 
below. The lines marked with an * are in the infra-red; the others in the visible 
spectrum are taken from Merton and Barratt’s table f 


Table II 



i "■ 

hi. 

Hembur. 

WftVO No 

Intent! 

Wave No 

Intern 

W iiv’p No 

| In term 

rt *= 1 

lft&74< 14 

(10) 

16506 41 


16611 43 

(10) 

2 

10204 03 

(8) 

10310 64 

(0) 

16330 60 

(10) 

3 

mm 35 

<■) 

16046 34 

(7) 

16000 31 

(») 

4 

15767■10 

<«) 

10787 28 

(#1 

15800 73 

(8) 

5 

10020 03 

(3) 

13539 43 

(2) 

15552 41 

(A) 

0 

t13284•03 

(0) 

f10303 77 

(4) 

15310 03 

(4) 

7 

*10063-45 

(3) 

•15082 20 

(1) 

*15092 67 

(A) 

B 

*14607-04 

(2) 

•14877 30 

(2) 

*14884 87 

(4) 

0 

*14668 04 

(3) 

•14087 07 

(12) 

*14005 85 

! ri) 

10 

*14400 01 

(2) 

i 

*14017 04 

(1) 

•14520 03 

(l) 


f These linos were not included m Fiddliera cmgnul band but are given by Curtis. 
' Roy Sac. Proc A, vol 107, p 573 Tholr waip-numberi were ralcululiMl from the author's 
measurements. 


The intensities of the lines are given in brackets, but those m the infra-red 
are not on the game baais of estimate as those of Merton in the visible region 
Between the first and second member of the S t senes there is a frequency 
difference of, roughly, 280 units ; between the second and third a difference 
of 270 units , between the third and fourth 2G0 units, and so on. That 
is to aay, the first differences decrease in approximate arithmetical pro¬ 
gression Now if we plot in a graph the wave-numbers of the spectrum 
along a set of horizontal z-axes placed one below the other, and ho 
arranged that the wave-numbers in one row are removed from those of the 
preceding row by a frequency difference of 280, 270, 260, otc , for the first, 
Becond, third, etc , row, then a spectrum series, the first differences of which 
decrease in arithmetical progression starting with £v=-280, will appear in 
this graph as a group of hneB extending down the graph parallel to the y-axis. 
Any extension to this " straight-line T senes will b a more easily docided upon 
than one to the original parabobc series, so that this method is of particular 
value in a complicated spectrum such as that of hydrogen. In fig, 1 all the 

t Loc. cil. 




20B 


T, E. AUibone. 


lines in the spectrum from v = IfifiU to v = U450 occurring in the region of 
the band are plotted, the intensity of the spectral line being represented by the 



ength of the graphed line The members of each of the three scries are joined 
by dotted lines, all three of which are slightly curved, due to the seoond 
differences (A a v ^ 10 5) being not quite equal to the A.P. differences (d =10-0) 
between successive x-aaea. 

It will be seen upon examination of the graph that even with this simplified 
representation the choice of an extension is somewhat arbitrary owing to the 
involved character of the spectrum, and it is necessary to bear m mind the 
differences—first, second and third—of wave-numbers between successive 
lines and between corresponding lines in adjacent series. The first six members 
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in each series have second differences which increase slight]y with m (thus 
10 - 4 , 10 - 9 , 11 - 2 , 11 - 9 ), and Allen* and Curtisf have represented the senes 
by quadratic forum] re in which this small increase has been neglected The 
quantum thoory of band spectra, in fact, supplies an explanation of the quadratic 
expression, but it has not yet been extended so as to explain the presence of 
more complicated terms in the forrnuls A careful examination of the possi¬ 
bility of extending the series, however, shows that extensions in which the 
parabolic character of the series is maintained are not possible, and that the 
only extensions possible are such that the second differences continue to increase 
more and more with m. Hence the whole senes from wi = 1 to m = 10 are 
better represented by formula of the type v = A + Bnt + Cm 2 + Dm 8 . 
This formula gives good agreement between observed and calculated values 
of lines for the and 9 B series, as shown in Table III, where the “ 0 — C ” 
is given for each line, but it is not so good for the S 9 senes, where a fourth term 


Table III.—“ 0 — C M for S 2 and S, series. 


m 

- 1 

2 

D 

n 

D 

0 

7 

S 

0 

10 

81 

-0 36 

-0 S3 

-0-29 

+0 63 

+ 1-07 

+0 00 

-0 00 

-G-Q7 

-0 06 

—0*63 

01 

-1 as 

-1 70 

-010 

+ 1-10 

+ 1-78 

+ 1 30 

+0 06 

+0 70 

-0 92 

-1 38 


is apparently necessary for the aoonrate representation of the senes. The 
calculated constants for the S 1 and 8 , senes are given in Table IV. The extent 
of this deviation from the parabolic formula is shown graphically on p. 208 

Table IV.—Constants for the 8 j and S, senes 




A- 

B 

C 

D 

Leading line 

8, 

16861-07 

- 201'22 

3 08 

0 188 

m - 1 

s. 

16886 02 

— 292 06 

3 41 

0-213 


by the dotted line which represents the S* series assumed to bo purely parabolic. 

Passing to the other senes 8 * — 87 of the first band, we find again that it is 
impossible to extend these series in a parabolic form, and the extensions suggested 
follow the general trend of the earlier senes, as shown m the figure. As these 
are missing lines in the visible and infra-red regions, no formulee have been 
calculated ; the wave-numbers only are given in Table V. 

* 1 Royal Boo. Proo.,’ A, to! 106, p, 60 (1024). 
f 1 Roy. Soo, Proo , T A, rol 107, p. 070 (1026) 
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Table V is constructed as an extension to Allen’s* table of the Fulcher band, 
and h introduced for completeness, The last column of hia table is reproduced 
aa the first column here, m = 0, and the table extends to m = 10. The first 
differences, horizontal and vertical, axe given in italics and the intensities in 
brackets. 

The Zeeman Effect on the Secondary Spectrum. 

Dufourf examined the secondary spectrum of hydrogen under the influence 
of a strong magnetic field (H =* 11,700 gauss), and found that in the green and 
yellow region of the spectrum, lines could be grouped into three classes, those 
showing a separation of 0 • 12 to 0-18 A.U —a "normal” effect,--those showing 
a distinct separation but less than 0-12 A, and those m which no effect was 
visible More recently, Kimura and Nakamura J showed that m a field of 7,000 g. 
there occurred a selective reduction of intensity of the lines—the resolving power 
was too small to separate any Zeeman components if present—those least 
affected being those which Dufour stated showed no Zeeman effect 

The author applied a field of 7,000 g. transversely to the capillary tube at 
the end nearest to the spectrograph, the pole pieces of the magnet being ems 
apart. The discharge became highly constricted and turned yellowish, the 
secondary spectrum being reduced in intensity by a half and reduced with 
respect to H* Water was sprayed on to the tube to prevent excessive heating, 
and the discharge was then increased till the intensity of the secondary spectrum 
was restored to its former value. A Rochon " double-image ” prism separated 
the beam into two components of almost equal intensity (the non-rotating 
spectrum showing H a as a doublet) By turning the prism until the two images 
were in the same vertical line they could be photographed on the same plate. 
An exposure of 11 hours was given, but, due to an accident, the rotating image 
spectrum only received an eight-hour exposure. The region of the spectrum 
photographed was the 6349 — 6921 A, only. 

The effect on the lines was remarkable. Every line increased in intensity 
at its extremities at the expense of the central portion, showing that the discharge 
was split into two streams in the field, the one above the other Also the lines 
of the non-rotating spectrum were widened at their intense portions, whilst 
the lines of the rotating spectrum remained at constant width. From the 
photograph it was found that there was no selective action of the field ; every 
line of the non-rotating image was almost equally affected (widened), though 

m loo. erf., p 75. 

t ‘ Phys. Z./ toI 10, p. 135 (1009). 

| Kimura and Nakamura, 1 Jap, J. of Physios,’ vol ), Nos 0 ( 10 (1923) 

P 2 
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it wm impossible to distinguish two separate component* of any Hue. tboe 
was no marked relative intensity change between corresponding Unes in the 
two spectra, and a comparison with the plate A showed a similarity of intensity 
in every hue. Thus there was no “ normal " Zeeman effect m the region photo¬ 
graphed ; any “ abnormal ” effect was masked by a widening shown by every, 
line of the “ non-rotating ” spectrum, 

Swnmary. 

Using specially sensitised plates a large number of lines have been photo¬ 
graphed in the many-lined spectrum of hydrogen in the infra-red. Their 
wave-lengths are recorded in Table I, together with the corrected wave-numbers, 
and wave-lengths measured by previous investigation Photographs of the 
spectrum are reproduced in Plate 8. 

An extension has been made to Fulcher’s hist band m all seven series. To 
represent these adequately a term Dm 1 is required in the formula The oomplete 
bands are set out graphically in the figure. 

The effect of a transverse magnetic field was noted. No selective effect 
could be detected, but there was a general broadening of all the lines. 

In conclusion, the author desires to express his indebtedness to Prof. 8. R. 
Milner for his constant assistance and direction during this work. 










A further Note upon “Inter-traction” 

By Sir Almroth E. Wright, MD, FR.S. 

(Received June 22, 1926 ) 

(Plati 9) 

I pointed out in a previous communication* that a mixture oi fluids can be 
brought about not only by the operations oi mechanical convection and diffusion, 
but aba by the impulsion of a force which can very rapidly carry down a lighter 
overlying fluid into a heavier underlying fluid in the form of characteristic 
peeudopodial streamers, conveying at the same tunc the heavier underlying 
fluid into the lighter superjacent fluid in the form of a palisade of ascending 
streams. I have ventured to call the agency by which this reciprocal in- 
streaming is produced — wUr-lraetwn, 

These phenomena which I described as occuring when salt, and also sugar, 
solutions are brought into contact with albuminous solution sc an, as Schoneboom'f 
showed, be obtained also with a very wide range of substances ; and they 
have been ascribed by him to the operations of negative interfacial tension, 
and identified with phenomena theoretically anticipated by Clerk-Maxwell. 
Adam and Jessop, in a further communication4 have insisted that the 
pseudopodial streaming is attributable to operations of diffusion and resulting 
changes in specific gravity, and they have stressed the point that the character¬ 
istic appearances can be obtained only when the lighter js superposed upon 

the heavier fluid, and not when the fluids are disposed side by side In view of 

the fact that the conclusion that horizontal streaming cannot be obtained 
rests only upon experiments conducted by filling fluids of different specific 
gravity into adjoining cell compartments, and then removing the dividing wall, 
it seemed desirable to try for horizontal inter-traction with a technique which 
would get rid of the complication of the heavier fluid funking to the bottom 
and the lighter going to the top of the vessel, and would allow of more accurate 
and deliberate observation. The quite simple technique now to be described 
satisfies these desiderata. 

A disc of filter paper is fixed, with a minute pellet of plasticine, to the surface 

* ■ Roy. Boo. Proc B, voL 92, p. 116 (1021). 

t ' Roy. Soo. Proc.,’ A, vol. 101, p 531 (1022). 

t 1 Roy. Soc. Proc / B ( vol 08, p. 206 (1025). 
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of a cover-glass of larger diameter, and the four edges of the cover-glass are now 
rimmed with paraffin in such a manner as to permit of the cover-glass with 
attached disc being conveniently floated upon any desired fluid That done 
the filter paper is impregnated with an albuminous fluid—such as serum-— 
coloured with an anilin dye, and the cover-glass is now set afloat upon a watch 
glass of hypertonic salt solution (conveniently a 4-5 per cent solution of NaCl, 
for this is a little heavier than the Berum). The streaming effects which are 
characteristic of mter-traction now come into view almost immediately, pre¬ 
senting at first the appearance shown in the photographs figs. 1 and 2 The 
streamers then extend outwards upon the surface until, after about 5 minutes, 
they stretch out far beyond the limits of the cover-glass {figs. 3 and 4). 


The Molecular Fields of Hydrogen , jVifro^en and Nem. 

By J. E Lennard-Jones Reader in Mathematical Physics, The University, 
Bristol, and W R. Cook, B Sc , The University, Bristol. 

(Communicated by Prof S Chapman, P R.S —Received May 26, 1926 ) 

§ 1. IrUTodudion 

Since tho publication of some recent papers on molecular fields,* some new 
experimental information has become available, which permits of further 
determinations of the forces between molecules Hydrogen, nitrogen and neon 
are now added to the list of gases whose isotherms have been obtained by the 
precise methods of Holbom and Otto t The publication of these results for 
neon is of special interest, because one determination of the molecular field of 
neon has already been made,} and it is valuable to have another independent 
method of attacking the same problem. 

A method of determining molecular fields from measurements of the isotherms 
of a gas has been described in an earlier paper J It proceeds on the assumptiop 
that the molecular field is spherically symmetrical and that it can be expressed 
in terms of inverse power laws, one to represent the repulsive force and one to 

• ‘ Roy. Soo Proo,’ A, vol. 106, pp. 441, 463, 700 (1034) j vol. 107, p. 157 (1085); yol 
100, pp. 476 and 564 (1025). 

t 1 Z f. FhyiUc./ vol, 83, p. 77 (1924), vol. 30, p 320 (1924); vol. 33, p. L (1925). 

X ‘ Roy Soo. Proc / A, vol 107, p 157 (1026). 

| ‘ Roy. Soo Proc.,’ A vol. 106, p 463 (19*4). 
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represent the cohesive force. The method shows whether any particular model 
is a suitable one or not, and, when it is, leads to a determination of the force 
constanta. 

It is satisfactory to find that the application of this method to the isotherms 
of neon, as given by Holbom and Otto, leads to results which are almost identical 
with those found in a former paper from its viscosity and thermal conductivity. 

Although the theory of the equation of state is applicable only to fields which 
are spherically symmetrical, it has beeu applied to hydrogen and nitrogen It 
was not expected that there would be agreement between theory and experiment 
in these eases. The point of interest was rather to examine the extent of the 
divergence. There proves, however, to be a remarkably close agreement 
between the two, from which the inference may be drawn that hydrogen and 
nitrogen can both be adequately represented by spherical fields This result 
is interesting in view of the theories of the structure of the nitrogen molecule 
which have recently been proposed to explain its spectral lines * 

In view of these results, the evidence of viscosity as to the molecular fields 
d hydrogen and nitrogen has also been examined. In the case of hydrogen, 
careful measurements have been made from 20° absolute to 457 3° absolute and 
these provide a stnngent test for any theoretical formula. However, that which 
corresponds to a spherically symmetrical field of an inverse power type seems 
adequately to fulfil this test. Furthermore, the theory leads to a value of the 
force constant which is in remarkable agreement with that found by the othe. 
method mentioned above A similar agreement was found in the case of helium 
in an earlier paper t 

The viscosity data for nitrogen are not so extensive nor so numerous as those 
for hydrogen, but they have none the less been used to make theoretical calcula¬ 
tions of the repulsive foTce constants In this case there is not the same agree¬ 
ment between the results obtained from the two methods. The discrepancy, 
curiously enough, is about the same as that found in the cose of argon in earlier 
papers.^ It is singular that the two methods should have led to conoordant 
results in the oases of hydrogen, helium and neon, but discordant results in the 
•oses of nitrogen and argon. Be a so ns are given for supposing that in the 
latter oases the results obtained from the equation of state are more reliable. 
All the results about the molecular fields of gases, obtained in this and preceding 
papers, are here collected and compared. 

* Bilge.' Nature,' voL 117, p. 300 (102S). 

f ‘Roy. Soc. Proc., 1 A, vol. 107, p. 157 (1925). 

{ 1 Roy. 3oo, Pro© A, vol, 10$, pp. 441 end 463 (1924). 
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§ 2. The Equation of State of Neon, 

When an earlier paper was written on the atomic field of neon, there waa no 
satisfactory information available about its equation of state. This need has 
now been met by the work of Holborn and Otto,* who have extended their 
accurate pv-measurements of gases to include neon. Their experiments cover 
the range of temperature —183° C. to 400° C. for pressures up to 100 atmo¬ 
spheres They show that each equation can be represented by an equation of 
the type 

pv = A + Bp + cy, (2 01) 

when the coefficients are suitably chosen. These coefficients, usually referred 
to as mnal coefficients, are functions of the temperature only. 

It is the coefficient B and its variation with temperature which concerns us in 
this paper, for a theoretical formula has been obtained for it on the assumption 
that molecules repel according to the law and attract according to the law 
X w r“"\ According to this calculation, t 

m>F{y) ’ “ ( 2 °») 


where vis the molecular concentration at normal temperature and pressure, and 
m = y*'-" {r(^)- r J/M/} - (2-03) 

In this expression y is a function of the temperature given by 


i =- ha - 

{m - 1) *T 


n — 1 




and the coefficients / (r) are written for 


fir) 


31V- 

V) — i 


r m — 1 ——- 4\ 


n — 1 


r! (r.m- 1 -3) 




rl(n-l) 


(2 04) 


(206) 


The snbscnpt N is added to B to emphasise the fact that it is referred to the 
concentration at normal temperature and pressure, whereas the coefficient 
determined by Holborn and Otto refers to a unit of pressnro of one metre of 
mercury The results of Holborn and Otto con be transformed to the more 
usual units by means of the formula^ 




IB 

A 0 + B„J + Cgl*’ 


(2 06) 


* Holborn and Otto, 1 7a. 1. Fhyivol3S.pt (1925). 
t ‘ Roy 8oc. Proo.,' A, vol. 106, p. 463 (1924). 
t 1 Roy Soc Proo.,' A. vol 106, p. 474 (1924) 
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where l is the magnitude of an atmosphere in metres of mercury and A 0) B 0 , Co, 
are the values of the coefficients in equation (2 01) for the isothermal 0° C For 
neon, Ao = 0*99937, Bo = 0-625 10"’ and Co=0 49.10"® The values of 
Bj, or rather log Bp, determined in this way from the results of Holborn and 
Otto (B, in the second column), are given in the following table i— 


Table I,—The Vinal Coefficients of Neon 


T 

B 10 8 

log B* 

400 

0 6000 

4•7800 

900 

0 6080 

4*7880 

200 

0 7000 

4 7648 

10Q 

0 6060 

I 7232 

0 

0 6257 

4*6770 

-«> 

0 5300 

4-60B9 

-100 

0 3766 

t 4668 

-150 

0 0056 

fl 6440 

— 102 0 

-0 4600 

4 5618 (n) 


When the laws of force assumed in thiB paper sufficiently represent actual 
molecular forces, the gTapb of log F (y) plotted against log y on a suitable scale 
becomes identical with that of log Bp plotted against log T. For each pair of 
values of n and m there is a definite theoretical curve, and a comparison of a 
series of these curves with the experimental one (the log B N cur\ e) picks ont 
those values of n and m which can be regarded as suitable To show how the 
shape of these curves depends on n and m a number of curves have been given in 
a former paper * When agreement is secured between the theoretical and 
experimental curves, a knowledge of X and Y, the co-ordinates of the parallel 
transformation necessary to obtain this result, determines X* and X, M( for they 
are connected by the linear equations! 

108 rS “= x + n -ir Y - ^ 108 • 108 1 ( 2 - OT > 

tt — 1 u — tn o J 3 

log —*s_ ■= !LH±x h log* (2 08) 

8 m — 1 n — m 3 3 8 3 8 ' 

The following curves have been found to give good agreement in the case of 
neon, vi* (i) n = 9, (n) n — 11, (in) n = 14and (iv) n — ® (rigid sphere), 
with m =«= 5 m each case. As in the case of argon, considered in a former paper, 
the expen mental results allow of considerable latitude in the value of n, the 
index of the repulsive field. However, by calculating the sum of the squares 

* ' Roy. Boo. Proa / A, vok 107, p. 157 (192fl). 
t 1 Roy. Soo. Proa,,' A, vol 106, p 460 (1024) 
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of the distances of the experimental points from the theoretical curve when 
the best fit is secured, a definite order of priority is indicated. This places 
n = 11 firBt, and n — co last * The curve for the first model together with the 
experimental points is shown in fig. 1, 



with the Experimental Values for Neon, 

The order of accuracy to be expected from the method may be gauged from 


the following results. These give for two cases the outer limits of X and Y, 
for which the curves could be said to be in agreement, and the corresponding 
values of the force constants. 


a | 

X. 1 

y 

A.. 


<r„ 10* 

f 

0*785 

9-303 

a 07 io - 74 

a-mo - 44 

4-90 

9 { 

0*753 

S 374 

0-74.10- 74 

a-aaio-“ 

5 01 

r 

1-570 

l B07 

0 

0 88.10-“ 

2-41 

* { 

i 

1-006 

l 91fl 

0 

7 65 10-« 

2-44 


* The sum of the squares of the distances f or n ™ 0,11,14| and oe were in the ratios 281: 
180 : 144 : 1804. 
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Ab a convenient method of oompanng the X„'s, which are of different orders 
of magjutude, a quantiy a„ is calculated, as in fonner papers, from the formula 

This is called a generalised “ diameter ” because it corresponds l-o a diameter in 
the ordinary sense when n = w , 

The results obtained from the best fits of the curves are given in Table 11 


Table II,—The Force Constants and “ Diameters ” of Neon from the Equation 

of State 


H. 

X 

Y. 

A, 


»„ 10* 

10® 

(vuooaUyK 

e 

0 729 

5 36M 

fl 32.10 - 7 ‘ 

2-23.10- M 

4 99 

5 02 

u 

0 893 

9 2080 

4 38.10— M 

1 72 

4 29 

4 30 

i** 

1 057B 

9-1573) 

2 22 10-“‘ 

1 33 

3 70 

— 

« 

1 BS8 

l 9050. 

0 

0 73 

2 42 

2 as 


In the last column are included the corresponding results of a preceding paper* 
from viscosity and thermal conductivity The agreement between the two 
sets of results is striking. It is significant that the agreement is best for that 
model (vi*., n = 11) which had previously been decided upon as the correct 
one by the use of crystal measurementsThe two sets of results are shown 
graphically in fig. 4, along with the “ diameters ” of other gases 

§ 3 The Molecular Fields of Hydrogen and Nitrogen 
(i) The Equation of State ,—Earlier measurements of the isotherms of hydrogen 
■—and there are many—may be regarded as displaced by the precise measure¬ 
ments recently made by Holborn and Otto J These range from —183° to 
200° C„ a wider range than has previously boon attempted. The values of the 
second virial coefficient, as given by them, and the corresponding values for 
ordinary umts§ are given in Table III. In the same table are included the 
values for nitrogen, also deduced from the work of Holborn and Otto. 


• 1 Roy. Soo Proo A, vol. 107, p 168, Table VI (1925) 
t ‘ Roy- Soo Proo A, vol 109, p. 4R5 (1925), 
t Holborn and Otto, toe, eft. 
fl 8e* preceding paragraph 
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Table III,—The Vinal Coefficients of Hydrogen and Nitrogen. 


T. 

Hydrogen. 

-i- 

Nitrogen. 

B 10*, 

Bji. 

B. 10* 

log B„ 

400 



1-38080 

3-0200 

aoo 



1 21807 

1-0642 

200 

0 02168 

i 8452 

0-00133 

I 8353 

150 



0*87717 

1-7118 

100 

0 01400 

l 8416 

0 30057 

l 4374 

DO 

0 88000 

4 8300 

-0 01514 

5 0600 («) 

0 

0*82004 

l 7M9 

-0 60710 

i 6038 (n) 

-50 

0 71000 

1-7319 

-1 54034 

3 0706 (a) 

-100 

0 53700 

l 6106 

-3 046(10 

3 3042 (n) 

-130 



-4 68504 

3 5513 (n) 

—150 

0 17300 

1*1181 



—183 

-0 32500 

1*3020 («) 




As the theoretical work referred to m the preceding paragraph refers only 
to spherically symmetrical fields, it would not be expected to apply to diatomic 
gases such as hydrogen and nitrogen The attempt to apply the theory to these 
gasee was in the first place purely tentative, for it was felt that it would be of 
interest to know to what extent theory and observation could be brought into 
agreement. The application of the method described in the preceding paragraph 
leads, however,,to a striking agreement in both cases This is evident from figs. 2 
and 3 For hydrogen the molecular models n = 9, m = 5, and n *= 11, m *■ B 
are the most suitable, higher values of n involving greater discrepancies.* 
However, the readings of X and Y are given for the same models os in the 
case of neon. 


Table IV —Ftme Constanta of Hydrogen from Equation of State 


c | 

X 

1 Y 

\ n 

AmlO 44 

<r B 10*cmii 

0 

0 7045 

3 440 

0 20 10-" 

2 54 

5-23 

11 

0-8640 

a 3405 

7 38.10-“ 

1 08 

4-52 

1H 

1 0248 

3 245 

4 80.10-" 114 

1 50 

in 


1-0380 

1-091 

0 

0 80 

2 90 


The limits of accuracy were about the same as those given above for neon. 
The corresponding results for nitrogen are given m Table V f In this case the 
model a = 9 is definitely the most suitable. 

* The sum of the squares of the distances of the experimental points from the theoretical 
curves for n = 0, 11, 14* and gd were In the ratios 52 ; 04 ■ 08 i 070. 

t The sum of the squares in this case for n =*0, 11, 14} and w were In the ratios IS : 42 : 
64 : 843, with the same unit of measurement as used above for neon and hydrogen. 
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Table V.—Force Constanta of Nitrogen from Equation of fftate. 


It, 

X. 

Y, 

i 

! V 


10* Dims. 

0 

0041 

S 732 

1 SB I0-" 

IB 10 

7 40 

11 

11528 

3-641 

2-M.10-” 

ia-06 

0 30 

14 

1 win 

9 597 

3-lfl 10- UI 

19 20 

a-42 

a 

2 091 

9 343 

0 

7 74 

9-38 


(ii) The Viscosity of Hydrogen —The observations of Markowski* on the 
viscosity of hydrogen, supplemented by the joint work of Kamerlingh Onnes, 
Doraman and Weberf at low temperatures, provide results from 20 6 absolute 
to 457-3° absolute. Between these temperatures the viscosity of hydrogen 
increases its value tenfold and so there is ample experimental information for 
the testing of any theoretical formula. As Kamerlingh Onnes has shown, this 
variation of viscosity can be represented to a remarkable degree by the formula 

H = N (|r)‘. (3-01) 

with (io = 0-844.10 -4 at T 0 = 0° C> and s = 0-695. The observed values and 
those calculated by this formula, together with those calculated from the usual 
Sutherland formula, are reproduced from the paper by Kamerlingh Onnes in 
Table VI. 

Table VI —The Viscosity of Hydrogen. 


T 

10 ’ 

Vo' 

-w 10 ’ 

457 9 

1212 

1203 

1207 

379 6 

1046 

1050 

1052 

203 05 

— 

887-2 

886 

2B7 0 

877 

874 

876 

273 0 

844 

843 

843 

261 2 

821 

814 

B16 

255 9 

802 

BOO 

803 

233 2 

760 

747 

757 

212 9 

710 

607 

700 

194 4 

G70 

048 

666 

170-2 

009-3 

582 

006 

80 03 

302 2 

326 

380 

70 87 

910 3 

257 

320 

20 04 

105-111 

58 

137 


Although the latter formula was given as an empirical equation, it corresponds 

* * Ann. d. Phymk vol. 14, p, 742 (1004), also Schmitt, ' Ann d. Physik., 1 vol. 80, p.398 
(1900). 

f 1 Comm. Phya. Lab, Leiden,' No. 134a (1013). 
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to a theoretical formula for viscosity when molecules repel according to an 
inverse power law. If this law be the formula is* 

n m \ ■ + »_ 

(302) 


where m is tbe mass of the molecule, and e, and B* are numbers, depending only 
on n, the former lying between the narrow limits 1*000 and 1-0164 and the 
latter being given by 


B, 


5*1 + 

i ii(n) r (4 - -L_j 2'—■>«"-*> 


(3-03) 


In this expression, k is the usual gas constant (1 - 372. ] 0~ lfl ),J I a (n) is a function 
of n, its value having been computed for some valnes of n by Chapman,g and 
for others by one of the present authors || 

Since the index s of the empirical formula is related to tt by the relation 

• = I + . (3 04) 

we conclude that viscosity results for hydrogen require a value n = 11 - 2. 

It is, however, more convenient to have an integral power law, and so we 
choose n ^ 11. For this value we can find the appropriate value of X* from the 
formula given above The numerical values to be inserted in the formula are 
t fl = 1-006, I B (») = 1-0008, p*, = 0 844 10T 0 «= 273-1 sndm « 3-32 10" M 
grams. The result proves to be 

= 7 ■ 19 . 10 “®*. 

This result is in remarkable agreement with that obtained above for the 
same model by the other method. They are compared in the following table :— 


Table VII.—Repulsive Force Constants of Hydrogen for n = 11. 


- 

Equation of State 

| Viscosity 

K 

7-38 10™»* 

7 10 10-*> 


4-62 10- 1 

4 51 10-« 


+ For references, see 1 Roy. Soo. Proc.,' A, vol. 107, p. 105 (1025), 
f Chapman, 1 Phil Trans A, voL 216, p. 270, Table V (1010). 

X Jeans, 1 Dynamical Theory of Oases, 1 3rd edn., p. 119 (1021). 

|' Memoirs Manchester Lit, and PhiL Soc * vol. 66, Mo. 1 (1022). 
|| 1 Roy. Soo. Proc A, vol. 106, p. 466 (1924). 
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We conclude, therefore, that a repulsive force of the inverse 11th power type 
satisfies the requirement* of both viscosity and equation of state results, Only 
the latter method determine a the corresponding attractive field. This ifl found 
{Table IV) to be of the inverse 5th power with a force constant X* ^ 1'98.10“ M . 
The molecular field of hydrogen may therefore be regarded as given by Table 
VIII, the repulsive foroe oonstant being the mean of the two results given in 
Table VII. 

Table VIII —The Molecular Field of Hydrogen 


n 

ffl 



“ *» 

*■»* 

11 

0 

7 ' 29 -KH 1 

1 ' 98 . 10 “ M 

4 53 IQ-* 


The attractive field is evidently small* and presumably has an inappreciable 
effect on viscosity. 

(iu) The Viscosity of Nitrogen —The viscosity of nitrogen has been measured 
at various temperatures by Schmitt, f VogelJ and Kia Lok Yen.§ Their results, 
if plotted as a function of temperature, lie on a smooth curve and are evidently 
consistent. They are given in Table X below. 

The simple theoretical formula, which has been used for hydrogen, is found to 
be unsuitable for nitrogen, from which we infer that nitrogen cannot be repre¬ 
sented by a repulsive field alone A more general formula has, however* been 
given, which applies to molecules possessing a weak attractive field as well as a 
repulsive field of the inverse power type. This formula is|| 


H 


Ho 


■ -1 



■ — i > 

T-m + B 


(30B) 


where S is a constant, independent of temperature, which represents the effect 
of the attractive field 

To secure the beBt fit between theory and experiment, various values of n 
are chosen, and the values of 8, required to give agreement between theory and 
experiment, are calculated from the observed values of p. The values of p 
at the temperatures 23° C. and 15-4° C. are, however, omitted from this calcula- 


* Compare the corresponding attractive foroe oonitante for nitrogen in Table V above, 
t 1 Ann. d. Phyuk,,’ vol. SO, p. 398 (1000). 
t 1 Ann. d. Fhyaik / vol. 43, p. 1358 (1014). 

| ‘ PhiL Mag., 1 voL 38, p. 582 (1018). 

[|' Roy. Soo. Proo.,' A, vol, 100, p. 441 (1024). 
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tion owing to the small range of temperature between them and the temperature 
of 0° C., which is taken as standard. The results are given in the next table. 


Table IX —Values of the Attractive Constant (3) of Nitrogen. 


T. 

n a OD 

15 

11 

0 

456-8 

114-08 

20 OB 

6 009 

—0 5068 

979 2 

108 00 

20 67 

7 171 

0 3206 

81 8 

101 -94 

82-24 

18 070 

11-2172 

Vfclne used 

108-01 

24 90 

10 880 

3 680 


The average values are given at the foot of each column. With these 
values of 8, the viscosity is then calculated from the above formula and 
the results arc given in Table X along with the observed values The value 
n = oe (corresponding to rigid sphere + attractive field) is clearly the most 
successful. The smaller the value of n f the greater the discrepancy between the 
observed and calculated values. This is contrary to the requirements of the 
equation of state conaidercd above There the smaller values of n were the 
more successful 


Table X.—The Observed and Calculated Viscosity of Nitrogen 


T 

^10* 

Authority 


fkmks 

10* 


n — 

10 

11 

0 

466-8 

2 458 

1 (0 

2 440 

2 479 

2 409 

a 600 

372 a 

2-123 

(1) 

2 123 

2 136 

2 140 

a 144 

306 l 

1-7848 

(2) 

1-787 

l 787 

l 788 

1-788 

268 0 

l 747 

(1) 

1 751 

1 700 

1 762 

1 768 

278 1 

1 *878 

(3) 

(1 678) 

(1 678) 

(1 678) 

(1-678) 

81-8 

0-680 

<» 

0-501 

0003 

O 612 

0 680 


(1) Buhmitt, toe ciL (2) KU Lok Yen, Joe, (3) Vogel, loc ci t 


The appropriate force constants for these models can be calculated from tfte 
formula* 



B. m* 
1*0 


TV'* 

n - a 


T„--i + 8 


(3 06) 


with the same notation as used in equation (3 02) above. The results are given 
in Table XI. 


* ' Roy. Sodu Proo./ A vol. 100, p. 441. (7-01), (1024). 

VOL. CXU.—A. 


Q 
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A general formula for S, which represent* the effect of the attractive field, 
has not been worked out and ao it is not aa yet possible to dfitenniDe the 
attractive force constants from viscosity data 


Table XI —Repulsive Force Constanta of Nitrogen. 


n | 

0 

11 

15 . 

l * 


7 50 10- 71 

0 08 L0-« 

1-17 10— 1,7 

0 

ems, 

6*81 

6 81 

4 84 

3'lfl 


The repulsive force constants found by this method are consistently smaller 
than those found above (Table V). 

The relation between the two sots of results can be seen at a glance from fig. 4, 
where the “ diameters <r n are plotted as a function of 1/a. The discrepancy 



Fra 4.—The "Diameters " of Oases determined from (1) equation of state,(2) viscosity. 
(2) crystal data Tlie numbers in the figure indicate which of the methods has been 
used The values of n which have been chosen in the various oases are indicated by 
orosses. 

between them is about the same as that found in the case of argon * Applica¬ 
tions of the latter results to crystal calculations have decided in favour of the 

" 1 Roy. Soo. Proc A, vol. 106, pp 461 and 477 (1014); the finrt of these seta of results 
is to be supplemented with the values K — 3 02.10 '" and <r„ = 335 . 10-* for n 11. 
in the second set o** = 7 053 1Q-" and not 7-530. IQ" 1 as printed lor n ™ 0. 
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equation of state results.* Whether or not the bathb conclusion Applies to 
nitrogen o&nnot at present be derided, 

S 4 Summary of Previous Results. 

For convenience of reference, the knowledge about molecular fields gained in 
this and preceding papers from the properties of gases is collected in the following 
table, the attractive field being assumed in each case to be according to an inverse 
fifth power law. The corresponding " diameters " are written below the force 


Table XII.—Repulsive Force Constants and " Diameters M of Gases 



Method J 

a = 9. 

U 

14 

ui- 

15 

21 

ae 

1 

He 

0) 

1 14 

4 03 

e 26 10 ■“ 

2 63 


2 16 10- 111 
3’10 





(2) 



6 ■ 74 > 10— 111 









3“IJ 





Ne 

<U 

8 32 10— 11 

KERBS 


2 22 10 ”■ 



— 



4 90 

4 29 


3 70 



2 42 


(2) 

6 00 10-" 
5 02 

4 46 10- M 
4- SO 



1 76 10 -»*■ 
3 00 

3 00 I0- W1 
3 103 

2 36 

Ar 

(V) 

J 01 io-« 

1 31 lO-»* 


1 04 10^ 1U 


2 3* 10- l « 

— 



r<55 

0 03 


5-11 


4 34 

8*13 


(2) 


3*92 10-» 
5 3fi 


3 67 10-' w 

4 70 


2 N2 10-**• 
A 99 

2*84 

Kr 

(8) 

(n ■« 10) 

7 34 . 10-«» 


i 







0 08 







Xe 

(3) 


0 21 10-” 


1 







7 06 






H. 

(1) 

0 10 ](H’« 

7 M 1(H" 


4 80 10 



— 


. 1 

a 23 

4‘ 02 

1 

3 W 



2 50 


(3! 


7 IB 10-» 









4 01 






N, 

(M 

19‘82,10-™ 
1 46 

22 45.10-« 
0 30 


3 01 10- 111 
a 42 



3 40 


(2) 

7 69 !0-« 
fl-Bl 

0 08 10-» 
0 81 



1 17 l(H l4 » 
4 84 


3-15 


* This fractional number has advantages in numerical applications of the formula for the equation 
of state, 

(!) From equation of atate. (2) From viscosity (3) From crystal data. 


* ' Roy. Boo. Proc.,* A, toL 100, p 476 (1626), cf, p. 480, footnote 

Q 2 
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oonstanta, These are given in Angstrom units, and, being of the same order of 
magnitude, are convenient in giving a graphical representation of the results. 
Fig 4 shows these quantities as a function of 1 /n, and gives a convenient summary 
of the results. It shows that the gaseous properties of a gas do not always 
of themselves determine the molecular field. They do, however, limit the 
molecular model to one of a definite series Other methods hffve then to be 
employed to select from this senes the one of most general utility. 

In two cases, vis , hydrogen and helium, the viscosity and equation of state 
results have themselves fixed the molecular model. In the case of neon, the 
results from viscosity in conjunction with certain crystal data* have led to a 
value n — 11 It is satisfactory to find that this paper provides additional 
evidence m favour of this model It shows that this model giveB the beBt agree¬ 
ment between theory and observation in the equation of Btate. Moreover, 
the force constants, which this method of this paper determines for this model, 
is in excellent agreement with that previously found from viscosity. The figure 
shows the consistency between the two sets of results, 

Argon and nitrogen differ from hydrogen, helium and neon in that their gaseous 
properties do not lead to consistent results The reason for this discrepancy 
is obscure Table XIII, however, throws some light on the question, This 
table gives the attractive force constants of the respective gaSeB, as deduced from 
the equation of state, These force constants are all measured in terms of the 
same unit, smoe the law of force assumed in each case is according to an inverse 
fifth power, and so they indicate the relative magnitude of the forces of cohesion 
for the various gases,f It is to be observed that the gases, for which we have 
found consistent results from the two methods, possess the weakest attractive 
fields. This is significant because it is to be remembered that all the theoretical 
formulBB for the coefficient of viscosity are subject to the limitation that the 
attractive field is weak. It looks, therefore, as though this condition does not 
apply to argon and nitrogen and that none of the theoretical formula lor 
viscosity are strictly applicable to these gases. A rigorous theoretical formula 
for viscosity, true for attractive fields of any magnitude, might lead to force 
constants different from those which have now been found. This problem is 
being considered 

The equation of state method has the advantages that it applies to all fields, 


* ' Roy. Soo. Proo A, vol, 100, p. 470 (IBM). 

t The foot that these attractive force constant* depend on the law of force asiumed (or 
the repulsive field la Immaterial. It does not affect the relative orders of magnitude 
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whether strong or weak, and it determines the forces of attraction as well as 
those of repulsion. For this reason it is to be preferred. 


Table XIII.—The Attractive Force Constants of GaBes (X^r -6 ). 


\» 10** 

n =■ B 

11 

141 


He 

4 36 


1 BO 


Ne 

22 9 



7 3 

H, 

26 4 


■ts 

B S 

Ar 

108 o 



mn 

N, 

1B2-0 


129 0 

77 0 


The models which appear most suitable in the various cases are indicated 
by Clarendon type in the tables and by crosses in the figure The caseB of 
krypton and xenon have been dealt with from crystal data alone owing to the 
lack of experimental data about their gaseous properties, 

Finally, as an indication of possible applications of the force constants, we 
give in Table XIV a quantity which represents the work required to separate 
two molecules to infinity from their positions of equilibrium under the 
influence of their mutual fields This quantity, which corresponds to a “ heat 
of dissociation/’ should be an important factor in determining the boiling point 
of a gas It is satisfactory to find a correspondence between the observed and 
the calculated quantities, 


Table XIV.—The Boiling Points of Gases (T B ) 


— 


nt 



10“ 

T “l* 

T 

Ha 

U 

S 

B 74 10-iu 

l as 10 - 4 * 

3 48 

4-3 

H, 

11 

6 

7 38 10-" 

1 08 10 

12 31 

20 4 

Ne 

11 

A 

4-asio-w 

1-73 10-« 

13 81 

34 1 

N, 

»• 

6 

1-flB 10-" 

l 82 10-w 

28 14 

77-4 

A. 

9 

A 

1 01 10-" 

1*82 10—*■ 

32 70 

87 1 


* This nine hu been awimed for nitrogen because of the similarity between its our re of 
" diameters M and that of argon 


The force constants given in this paper should provide a starting point for 
a more complete quantitative explanation of the boiling points and other 
properties of these gases than has yet been given, 
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The Forces between Atoms and Ions. —II. 

By J. E. Lennabd-Jones, Reader in Mathematical Physios, Bristol University, 
and Beryl M. Dent, B.Sc,, Bristol University. 

(Communicated by Prof B Chapman, F,R S —Received June 8, IMG ) 

§ 1 This note is supplementary to a paper recently published on the same 
subject ,* It extends the results so as to provide s complete table of forces 
between the monovalent and divalent ions of the inert gas type as well as between 
the inert gases themselves The method follows that of the previous paper, 
m which the forces between ions are deduced from the forces between inert 
gas atoms by the use of published data on ionic refractivities 

The table of force constants, which is given, should have numerous applica¬ 
tions in theoretical calculations of crystal structures. It should, for instance, 
be useful in determining parameters in crystal structures, which ore difficult 
to determine from X-ray measurements. 

§ 2, Forces between atoms and ions arise from various causes There are 
between ions electrostatic fvrws of attraction and repulsion owing to their effective 
electrostatic charges These depend only on the valency of the ions concerned 
and need not be considered further In addition, there are forces between 
the neutral cores, just as there are forces between the inert gas atoms to which 
they are similar From the physical properties of these gases, wo lean) that 
at large distances the atoms attract, while at small distances they repel. It is 
convenient, therefore, to regard the oorcB as exerting on each other two forces, 
one attractive and the other repulsive, the former preponderating at large dis¬ 
tances, the latter at small. This is virtually what van der Waals did m deducing 
his well-known equation of Btate. We may, therefore, conveniently refer to 
the attractive force as the van der Waals aUmchvt fo mi. This distinguishes it 
from the electrostatic attractive force just mentioned. 

The repulsive force was represented by van der WaaU os a rigid sphere, but 
this is now recognised as not being sufficiently general for most purposes. It 
la replaced in this paper by an inverse power law, which, being a continuous 
(unction, is more likely to be in acoord with fact This repulsive force between 
cores may be called the /ntimwc Repulsive Force. 

There are as well forces due to polarisation. Atomic or ionic cores ate liable 
to be distorted by the presence of neighbouring electrostatic charges, so that 

* L*murd-Jtm«, 1 Roy, Sec, Proc.,’ A, vol. 109, p* 084 (1920). 
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there is a relative displacement of negative and positive charges This creates 
an effective dipole at the centre of the core, and the mutual influence between 
the dipole and the charge producing it gives rise to an Attractive force Certain 
simple assumptions indicate that this is likely to be of the inverse fifth power 
type.* 

The forces just enumerated arise between ions whose elect Tonic structure is 
similar to that of the inert gases and may therefore be regarded as spherically 
symmetrical. U Asymmetrical ions or molecules have to be considered differently. 
These sometimes possess permanent dipoles,*) - whose mutual influence is to be 
considered separately from the forces of attraction and of repulsion 

S 3 In crystals of a high degree of symmetry, such as ruiknalt, the forces due 
bo polarisation need not he considered A dipole created in an ion by a neigh- 
bounngionis neutralised by the effect of another ion diametrically opposite 
Nor is it necessary to consider the van der Waala cohesive forces, because these 
arc negligibly small compared with the electrostatic forces of attraction between 
neighbouring ions J Only in crystals of neutral atoms, such as solid argon, 
are the van der Waals forces important 

The difference in magnitude between the two kinds of attractive forces is 
indicated by the difference in the physical properties of crystalline argon and 
rooltealt, m particular by their widely different melting points § For the 
intrinsic repulsive forces are of the same order in the two cases. 

Hence the forces between ions in crystals, such as rocksalt, may be regarded 
as sufficiently determined when the intrinsic repulsive forces arc found It 
is these forces which are considered in this paper 

It has been shown in former papers|| that when the repulsive forces between 
the inert< gasea are represented by the law kr~ 9 , neon requires the value n—11, 
argon the value n= 9, krypton the value n -10 and xenon the value n--11. 
These laws of forces arc held to be true also for ions of the same electronic 
structure, so that the laws of force between ions are summarised in the following 
table .— 


* Cf . Bom and HeUienherg, ‘ Z. f, Phyw vol 23, p 337 (1024) 

t Debye, 1 Phya. Zcila vol 13, p 07 (1912), Smyth Mid Zivhn, Mourn. Amor Chom 
Boo,,’ voL 47, p. 2501 (1025), Znhn, ' Phys. Rev./ vol. 27, p 405 (102B) 

$ Cf ‘ Roy. Soc. Proc / A, vol 100, pp 715 and 710 (1924). 

$ Simon and Bunsen, 1 Z f Physik / vol 21, p 108 (1924), imd vol 25, p 100 (1024). 

|] k Roy. Boo. Proo / A, vol. 109, p. 5S4 (1025) 
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Table 1,—The Laws of Force between Atoms and Ions (the values of 

n in Xr““). 



Neon group. 

Argon group. 

Krypton group. 

Xenon group 

1 

Neon-like ions 

11 

10 

10 

11 

Argon like Ions 

10 

9 

0 

10 

Krypton-like ions 

1 10 

9 

10 

10 

Xenon-like ions 

11 

10 

10 

H 


The derivation of the appropriate force constants is facilitated by the 
use of a quantity <j ( m , which is proportional to and is of the 


dimensions of a length. This quantity is regarded as a measure (on an arbitrary 
scale and for a given law of force) of the size of the outer shells of electrons 
in ions so that its value for one ion can be derived from that of another ion 
from a knowledge of thoir ionic refractivities. 

These so called *' diameters " ore functions of n, as vs evident from the following 
table where they are given for the values n»9, 10 and 11.* They are derived 
from the corresponding quantities for the pure gases, the latter having been 
determined from the kinetic theory for n=9 and n=ll, and by interpolation 
for n=10. 


Table II.—The “ Diameters '* of Ions (or***) 


n 

I 0-- 

F- 

Ne 

N»+ 

Mg* * 

8-- 

oi- 

At 

E + 

Ca* * 

9 

7 26 

6-23 

0 02 

4 71 

4-10 

9 77, 

a 60 

7 05 

0 43 

0 91 

10 

0 69 

S 74 

4 63 

4 34 

3 >78 

001 

7-89 

6 50 

0 93 

fi-40 

11 

0 21 

- 

D-sa 

4 30 

4 03 

3- 51 

B-30 

7*27 

0-03 

0 00 

0-00 

71 

So-- 

Br- 

Hr 

HJb* 

Sr 1 -* 

To— 

I- 

X 

Ce* 

Be* * 

« 

1 | 

B 58 1 

8 80 

7 58 

6-96 

6 40 

0 M 

O' 89 

B-26 

761, 

7-00 

10 

8 83 

8 19 

0 98 

6 41 

0-08 

0-88 

8-75, 

7 00 

7 01 

6'48 

11 

8 20 

1 

7 fll 

d'40 

0 90 

0 55, 

824 

8 12 

7 00 

0.0Q 

001 


• 1 Roy. Soo. Proo / A* vol. 100, p. 592 (1920) 













































Table III —The Force Constanta of Atoms and Ions 
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Following the method of the former paper/ the force constant* givcu in 
Table III are deduced from the 11 diameters 11 of Table II. Owing to the fact 
that these force constants depend on a 01 ’ to a high power (9 or 10), great 
accuracy cannot be expected, An accuracy of 10 per cent in a force constant 
is equivalent bo an accuracy of 1 per cent, in a diameter as usually understood. 
Similarly in applications of the force constants bo calculate distances, an accuracy 
of 10 per cent m the force constants should yield an accuracy of 1 per cent, 
w the answer. It is believed that the force constants He within these limits 
of accuracy. 

Some of those results were given in the preceding paper, but they are given 
here as well for the sake of completeness They have been recalculated and 
a few numerical errors have been detected and corrected The results of 
Table III are to be regarded as displacing »uy former results where there is p 
discrepancy 

The forco constants are given in such units as give the force in dynes when the 
unit of length is the Angstrom The table is to be used in conjunction with 
Table I. For example, to find the force between Na" 1 and Cl" at a distance of 
2A, wc note that the law of force is the inverse tenth and that the force constant 
is 2 12. The force is therefore (2‘12)2" 10 dynes, that is 0-002 dynes. 

§4. Our thanks are due to the Department of Scientific and Industrial 
Research for a grant to one of us to pursue this investigation and to make the 
applications to be described in later papers. 


* * Boy doe 1’ioc A, vol. 109, p. £>84 (1920). 
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The Origin of the Electrical Oha/rge on Small Particles m Water. 

By Thoha a Alty, M.Sc., Ph D., Professor of Physics, University of 
Saskatchewan, 

(Communicated by Sir Joseph Thomson, F R 9.—Received June 15, 1926 ) 

Introduction. 

The surface of an air bubble is a particularly simple one at. which to examine 
the electrical conditions which attend all small particles when immersed in a 
liquid. An air bubble may be considered as a type of coarse suspcnsoid, which, 
oil being immersed m water, acquires a charge and moves in an electnc field 
as if negatively electrified. 

The present work is a continuation of that already published (‘ Roy Hoc. 
Proe A, vol, 100, p 315 (1924)) and deals chiefly with the charge on the bubble 
immediately after it enters the liquid , this is examined experimentally and also 
theoretically In addition, a now method of calculating the potential difference 
between the bubble surface and the intenor of the liquid is suggested 

For convenience, a few results of the former work must first be mentioned. 
It was there shown that the gas phase has little or no influence on the surface 
electrification, so that all the electrical effects may safely be ascribed to the 
surrounding liquid medium. Experimental evidence indicated that the surface 
phenomena are due to the selective absorption of ions from the water Further¬ 
more, the mobility of the bubble diminished steadily wiLh increasing purity of 
the surrounding water. It therefore appears probable that in perfectly pure 
water the charge would be very small, or even zero 

Experimental 

The experimental arrangements were as described in the former work A 
small gas bubble (2 mm in diameter) is introduced into partially air-free water 
contained in a cylindrical glass vessel which rotates about a horizontal axis. 
The bubble then takes up a position on the axis and moves along the latter 
when an electric field is applied between the tu o ends of the cell The mobibty 
is measured continuously as the bubble is slowly absorbed into the water until 
it finally disappears. After each reading of the velocity, the total time since 
the introduction of the bubble into the water is also noted, so that the variation 
of the electrical conditions with the age of the surface can be investigated. It 



236 


T. Alty. 

has previously been shown that in water of specific conductivity 1 x 10“ fl ohms 
to 2 X 10^ fl ohms -1 there is a slow and steady " charging up M of the surface, 
and that for some time after the introduction of the bubble the charge varies 
continuously until its final equilibrium state is attained. Since the first object 
of the present work is a complete investigation of this charging up, water of 
the above-mentioned purity was used 

For comparison, the experiments were repeated in water of specific conduc¬ 
tivity 6 x Hr* ohms -1 ; in thia water the charging-up period is very short 
and the velocity of the bubble increases steadily with decreasing radius until 
the latter is about 0-05-0*1 mm At about this point the velocity is a maximum 
and thereafter decreases Bteadily until the bubble disappears The explanation 
of the maximum is not clear. It may represent a true change in the electrifica¬ 
tion of the surface, or it may be due to increased resistance to the motion of the 
bubble along the axis. At about this size (0 05 mm. diameter) the bubble 
ceases to be perfectly stable, and if accidentally disturbed it oscillates about 
the axis before returning to its equilibrium position. This vibration may 
increase the resistance of the water to the motion and consequently decrease 
the mobility As this point cannot be definitely settled, only bubbles having 
diameters greater than this minimum will be considered in what follows. 

Further experiments were also performed to investigate quantitatively the 
relation between the charge on the surface and the rate of absorption of the 
bubble. Air-saturated conductivity water was used after a very small quantity 
of air had been removed from it by evacuation. A bubble introduced into such 
water was therefore absorbed very slowly On completion of this experiment 
more air was removed from the water and a second bubble introduced This 
was absorbed more rapidly than the previous one and gave different results. 
The process was repeated for a series of bubbles until the rate of absorption 
became so great as to render further observstions impracticable. 

If now the bubble is assumed to acquire a definite charge, E, by ionic adsorp¬ 
tion, then this charge may be calculated by an application of Stokes 1 Law If 
X is the intensity of the electric field producing the velocity v, ij the coefficient 
of viscosity of water, and r the radius of the bubble, then 

XE = 67njrt? 
or E = 67T7jru/X. 

Thus E may be determined directly from a knowledge of u. 

The experimental results were represented graphically by plotting the total 
charge, as calculated above, against either the babble radius or the age of the 
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surface. The total, charge at any time I will indicate very directly the state oi 
adsorption at that time. 

Fig. 1 shows a graph of charge against age of surface and wae obtained in 



very pure, air-saturated water. In this water the size of the bubble changes 
only very slightly during the experiment. It will be observed that the charge is 
extremely small at first, increases to a maximum, and then falls to a value of 
about one-third of this maximum. After this stage, the charge on the bubble 
surface appears to be independent of the time 
These experiments were repeated in water from which some air had been 
removed so that the diameter of the bubble decreased continuously during the 
experiment. It was found that the curve obtained was very similar to that 
in fig 1, and that when equilibrium had been attained the total charge on the 
bubble remained independent not only of tune but also of bubble diameter 
This is somewhat surprising and appears to indicate that, once an equilibrium 
state is reached, the surface density of charge must increase inversely as tbe 
square of the bubble radius, Bince the total charge remains practically constant 
while the bubble area shrinks, sometimes down to about 1/20 of its original 
sue. Fig. 2 illustrates one of these experiments, 

The experiment* m water of higher specific conductivity ieBt this point 
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further. In this water the chArging-up period ift very abort m that after the 
first few readings the equilibrium state is reached, and it might than be expected 



from the above that the total charge on the surface would remain independent 
of the bubble radius and the time. Fig 3 illustrates the results obtained in 
such water For the whole range of diameters the total charge remains almost 
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It was found possible to obtain the above type of graph (flg 3) only when the 
rate of absorption of the bubble was very slow. If the rate of absorption were 
great the total charge decreased steadily from the first observation. 
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Fig. 4 shows the result* obtained from two successive experimental in which 
the water uaed had the same conductivity but contained a different amount of 



air in each experiment. An examination of such curves shows that the greater 
the rate of absorption the greater the initial equilibrium charge (Fig 3 and 
fig. 4 together indicate that for zero rate of absorption the total charge is inde¬ 
pendent of the radius of the bubble.) It will lat^r be shown that there is a 
quantitative relation between the rate of absorption of the bubble and its charge 
This is illustrated m fig, 5 

In all experiments the velocity of the bubble was measured using two different 
values of the electric field (X) alternately. In this way the velocity was shown 
to be proportional to the applied field throughout the charging period as well 
as through the subsequent history of the bubble, 

Theoretical. 

The results previously obtained as well as those described above conflict with 
the usual theories as to the electrical structure of the surface of small particles 
in water. This being so, an endeavour is made here to account for the whole 
phenomenon on the basis of adsorption, and the relations deduced are compared 
with experiment. 
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When a bubble ia brat introduced into water, the surface is composed of water 
molecules, which being polar axe all orientated and thus have a resultant electric 
field Since the bubble acquires a negative charge, this orientation must bo 
such that the surface molecules attract negative and repel positive ions in the 
water, each molecule thus being a possible point at which a negative ibn may 
be attached bo the surface, In this way the surface steadily becomes covered 
with negative ions At the same time positive ions from the liquid strike the 
bubble surface. Any such ion striking one of the negative ions already adsorbed 
may be bound oIob© to the latter and neutralise its charge. Hence the accumula¬ 
tion of the surface charge must consist of two distinct processes ; firstly, the 
adsorption of negative ions on to the bubble surface, and, secondly, the binding 
of positive ions to some of the negative adsorbed ions. These two processes 
will continue Bide by side until equilibrium is attained, the total charge on the 
bubble at any instant being equal to the oharge on the uncovered negative ions 
on its surface The bound positive ions, being farther from the surface, are 
held less firmly than the adsorbed negative ions and may be removed by collisions 
due to the general motion of thermal agitation in the liquid. Equilibrium is 
therefore attained when the number of positive ions bound per second is equal 
to the number removed by collision In this state there will be a number of 
uncovered negative ions as well as a number covered In this connection it 
is of interest to note that Rinde ( r Phil. Mag,/ vol 1, p. 32 (January, 1926)) 
found that on sulphur particles in an acid solution both CT ions and also neutral 
HC1 molecules were adsorbed. The process of adsorption in this case may be 
very similar to that under discussion, the neutral molecules being due bo the 
covering of the CT ions 

In these experiments pure distilled water was used so that the ions present 
would bo chiefly H + and OH'. In addition, there would be minute traces of 
electrolytic impurities from the glass of the cell, etc , giving rise to ions which 
for convenience may be called X' and Y+. These in comparison with the 
hydrolytic ions must be extremely few in number, and this number must decrease 
with increasing purity of the water On the other hand, the hydrolytic ions are 
still present in relatively large numbers even m water of the greatest purity, 
the ionisation of pure water yielding about 10 1 " H + and OH' ions per c.c. 
Consequently it is impossible by purification to remove all ions from the water. 
Nevertheless, it was found that the greater the purity of the water (as measured 
by its electrical conductivity) the lower the mobility of the bubble, which in 
some cases was reduced as low as 1 per cent, of its normal value. From these 
considerations it is evident that the charge on the bubble is not produced by 
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the H h and OH' ions, but is due almost entirely to the presence of stray urns 
X' and Y + in the water 

The inactivity of the H ' and OH' ions may possibly be a consequence of the 
small dimensions of these particles. For being so small, when adsorbed they 
are vefy close to each otheT and to the bubble surface This arrangement will 
jSStStin intense binding forces which may be sufficiently great to prevent many 
of the covering ions being removed by the molecular agitation of the liquid 
Hence, when the adsorption of OH" ions has reached an equilibrium condition, 
very few of them are left uncovered to give a resultant charge to the bubble 
At the same time, when equilibrium is attained, these OH'ions do nut cover the 
whole of the bubble Hurfaoe but only a definite fraction of it Langmuir 
(‘ JA C.S.,’ vol, 40, p. 1367 (1918)) has pointed out that once equilibrium is 
established the exact fraction of a surface occupied by any adsorbable molecule 
may depend ou the sue and shape of that molecule It may, therefore, be 
possible for another ion (X'), on account of its different size and shape, to bet ouie 
attached to those points on the surface not occupied by the OH' ions, so that 
finally the surface is covered mainly by OH' ions but also to some extent 
by X' ions. 

If it ib assumed that there, ore JO 11 OH' ions per cubic centime Ireland that 
any one of them striking an unoccupied surface molecule remains attached, then 
a simple calculation indicates that these ions cover 90 per cent of the surface 
in about 1/100 sec Since the adsorption of covering II + ions proceeds con¬ 
currently, only a very brief interval of tune is required for the adsorption of 
►both these ions to reach its equilibrium state, and this even in tho purest 
water. 

The adsorption of X' ions will be a much si over process owing to their scarcity 
In exactly the same way as for and OH' ions, the adsorbed X' ions will be 
covered in their turn by Y + ions from the liquid Since X' and Y + are larger 
than OH' and H + , they will be unable to approach so closely to each other and 
the binding forces will therefore be weaker For this reason the Y + ions will be 
more readily removed by the thermal agitation of the surrounding liquid Hence 
a certain fraction of the adsorbed X' loos when in equilibrium will still be un¬ 
covered, and it is to /toe that the bubble owes its charge. In the very pure 
water the number of such stray ions as X' and Y + is small and ab a result the 
equilibrium state is attained but slowly 

According to this view the H + and OH' ions, although so numerous and 
occupying a Urge .fraction of the surface, add but little to the bubble charge 
owing to the tight binding existing between them. Their chief function then 
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appears to be that of limiting the number of possible points at which other ions 
can be adsorbed 

Since such ions as X' and Y" 1 occur simply as impurities in the water and 
always in very minute concentrations, their exact number would be expected 
to vary from one experiment to another even when the specific conductivity 
remains practically constant For this reason the rate at which the bubble 
acquires its charge in the purest water may vary widely in the different experi¬ 
ments. Such variation is found in practice, the longest charging period being 
bHowh in fig 1. In other experiments in water of the same conductivity, the 
period vaned from this value to 100 secs. These variations are observed only 
in the purest water. 

Although the number of X' and Y -1 ions present vanes in this way, they are 
always so scarce that the conductivity of the pure water is chiefly due to the 
ions H + and OH', Thus the fact that the rate'of charging vanes while the con¬ 
ductivity remains practically constant (1 x 10 -fl ohms -1 ) is m accordance with 
the view that the charge is due to stray ions X' and Y + and not to the 
hydrolytic ions 

The experiments described show that in equilibrium the number of uncovered 
ions per square centimetre of surface is inversely proportional to the square of 
the radius. This relation would hold true if the numbers (N,) of negative ions 
and (N,) of positive ions per square centimetre each varied inversely as the 
square of the radius. N # and N v also depend on the age of tho bubble surface 
so that it may be assumed that 


N„ 



( 1 ) 


where/ (/) and g («) are functions of t. 

Hence the total charge on the bubble — 4™** . (N* — N„) = 4* {/{/) —g{t)}, 
which is independent of r s in accordance with experiment 

Malang certain assumptions it is now possible to calculate the total charge on 
the bubble at any time t after its formation For convenience, these assump¬ 
tions are tabulated as follows :— 

1. A fraction a of the bubble surface is alone capable of adsorbing the X' ions 

from the water. The remaining fraction (1 — a) is occupied by H* aud 
OR' ions in loose combination. These prevent the close approach and 
adsorption of X' ions to the surface. m 

2. Each adsorbed X' ion is attached to a single surface water molecule, 
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3. The forces between an X' ion and the surface molecule to which it is 
attached are great enough to prevent appreciable ^evaporation of the 
X' ions. Hence any such ion striking an unoccupied surface molecule 
remains attached. 

(Evidence of this assumption is given later, p. 246.) 


Let there be n* of the X' ions per c.c of the liquid 

,, v, be their average velocity of thermal agitation (velocity of meuu square) 
„ y k 0 the surface area occupied by one adsorbed X' ion = area of a surface 
water molecule 

„ a be the fraction of the surface occupied in equilibrium by X' ions 
a then depends on the radius of the bubble and = p jr* (experimental) Let 
N e ** number of X' ions adsorbed por unit area at time l . Then the number 
striking unit area per unit time is n v vj\/ 6rc. 

Fraction of the area occupied by OH' ions = (1 - a) 

Fraction of the aren occupied by X' ions at tune t = yN* 

Therefore fraction of the whole surface which is unoccupied at time 
t = a — Y^<* anL * fc hc number of free X' ions striking these unoccupied spaces 
per second 


__ 

V6* 


(« 


- yN,) 


If all collisions between surface molecules and free X' lonn result in adsorption 
and if re-evaporation is negligible, then 


The solution of this is 


i/N r n,r, / XT v 

—f = (x - yN,) 

m V6 t: 


N, = = (14- Ce 



But N, — D when t - 0. Therefore 


X, = Y 11 - e ) 


V) 


= number of adsorbed X' ions at time t. 

Let the same symbols as above, with suffix y, refer to the Y + ions Since 
these ions are bound to the surface only when they strike an adsorbed X' ion, 
the chance of any Y h ion becoming bound is proportional to the fraction of the 
surface occupied by uncovered X' ions 

Fraction of surface occupied by uncovered X' ions — N k ] 

r. 2 
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Therefore the increase in the number of Y + ions attached to unit area of the 
surface in time dt 


n y v m 
y/ Gn 


(N.-NJY d- 


At the same time, some of those already attached arc removed by the thermal 
agitation of the liquid. 

Let k — fraction of the positive covering ions removed per second in t-hie 


manner. 

Then the equation for N„ is 



- ^(N, - N.) - *N„ 
dt V 6n 

(3) 

when 

t = « , £5* = 0 and N x = a/y 

di * n 


Therefore 



N. = »/~U 

2 | 

WY 

(4) 


The number of uncovered negative ions in equilibrium is therefore (N, — N„) 
per square centimetre, 


“ ' 1 


— i—l r _j_ i 

n e y ) l \/ bn J 


f«- 

T 1 

= surface density on the bubble when equilibrium is attained. 
Returning to equation (3) 

rfN u 


(5) 




/ _ liiil 

= W 5 . 11 - c 7 *’ 
Vfa Y \ 


by equation (2) 


Henco 


N __ I 1 __ f ^ __ 

0 W|fWga l n v Vtf -f VGnk (»„»,Y — n*t J *Y + Vflrcfc) 


+ ■ 




Also 


+ V( n w 9 if “ + V 0**)^ 
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But the number of uncovered negative ions per square centimetre = (N, — NJ. 
Therefore M = total number of uncovered negative ions on surface of bubble 
— tor* (N* - N,) 


4np 

T 


MlL 4 - k 

LVi* + 


7!,^ — V 0Tt - 

-_I_ 

v ¥ v v — n r i> t + \^ 6 ti - 


-IpU 

ft* 


- +*\t 

v r v,njv t .e 'ft* 


V, + V 7 Cn (»,v, - n,v t + \/67r^J 


( 6 ) 


This expression (6) then gives the number of free negative ions on the bubble 
surface at tune 1 If the Ions X' and Y + are monovalent then the i barge on the 
bubble at time l is M.e , e s u (e = ionic charge) 

The constants p and k are evaluated below Using the values there obtained, 
equation (6) reduces to 


M = 1 91 X 10 “ [ 0‘1096 -f- 1 • 19 p ~ 3 - 3 - l0J/ - 1 299 e- 5 ‘ w - 1 °- J< ] ( 7 ) 


The values of the total charge as calculated from (7) are shown in fig 1 by 
points marked O. The points -f are experimental values It will be seen 
that the agreement is exceedingly good. ThiB agreement between theory and 
experiment lends support to the present view of surface electrification. 


Evaluation of p arid k 

The constants p and k used in the above expression furnish much information 
regarding the number of negative and positive ions on the surface at any time. 
From the measurement of the electric charge at any instant only the difference 
between the number of negative and positive adsorbed ions is obtained. By 
definition of P the total number of adsorbed negative ions on the bubble when 
equilibrium is attained is given by 

r r 

and therefore can be obtained directly from a knowledge of p. 

In order to evaluate p the above expression for M (equation 6) is applied to tho 
experimental curves Considering a representative graph (fig. 1), the total 
charge on the bubble attained a maximum value after 300 seconds, this value 
being 5-66 X 10“ c, Hence if the adsorbed ions were monovalent, the number 
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of uncovered negatives at this ids taut was 3‘66 x 10*. Finally when oqid- 
libnuro conditions obtained on the surface the total charge was 2 *093 x 10® i. 
Hence the experimental conditions may be expressed. 

t = 300 aeca *= 0 M = 8-66 X 10 s 
dt 

1= xi M = 2 093 X 10 s . 

In equation (5) there occurs the average velocities of thermal agitation v M 
and v t of the two ions. These are not known accurately owing to the uncer¬ 
tainty of the nature of the ions X' and Y + , but, since m temperature equilibrium 
the kinetic energy oi a liquid molecule is equal to that of a gaseous molecule, 
an approximation to the required values may be made from a knowledge of the 
mean square velocities of gaseous molecules These range in general from 
1 X 10* cm /see. to 5 X 10* cm /sec , so that the desired values must he in this 
region For the purposes of calculation, therefore, it may he assumed that 
v r — 2 x 10 J cm / sec 

— 3 X 10 4 cm /see 

This assumption, while being only approximately correct, will alter only the 
numerical value of the constants obtained from equation (6), it cannot affect 
their order of magnitude, which is of primary interest. It will be shown later 
that any error here introduced is negligible in the calculation of the potential 
difference at the surface. On differentiating (6), inserting the above conditions 
(8) and putting = n v — n, the constants are found to have values 

«-7x 10 8 . 

*=-5-96 X 10 4 . 

3 — 1-5 X io- 10 

This shows that the ions X' and Y + , due to chance electrolytic impurity, are 
very few in number compared with the H + and OH' ions. 

The constant k gives very useful information as to the binding of the covering 
Y 1 ions. It appears that only about 0 x 10“* of these ions are removed per 
second by impact with surrounding molecules These positive ions are farthest 
from the water surface and will therefore be least firmly bound to it Hence, 
in the case of the negative ions, which are even more firmly bound, the number 
removed per second is quite negligible, and the assumption that all the negative 
ions striking blank spaces remain attached would seem to be justified. 

The total number of negative ions on the surface when equilibrium is attained 
is 



4ttP/y = 1 m x 10« 
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The number of uncovered negative ions, as measured by the resultant charge 
on the bubble is 2'09 X 10 s . These figures therefore indicate that about 
89 per cent of the adsorbed X' ions are covered by bound positive ions, while 
only about 11 per cent, are uncovered and thus charge the surface negatively 

From these figures the constitution of the surface layer of the bubble may bo 
summed as follows ■— 

Taking the number of water molecules per square centimetre as equal to 
10“ the very great majority of them are covered by H + and OH' inns which 
are bound so tightly to the surface that very few of them “ evaporate ” to gjv« 
a resultant charge There are also 2*35 X 10 s negative ions of larger size 
attached per square centimetre and of these 89 per (ent, are covered by positive 
ions which are continually evaporating and recompensing on the negatives, the 
fraction evaporating per second being fl 0 X 10" 4 In this way a definite 
resultant charge is given to the bubble by those negative ions which are 
momentarily uncovered. 


Relation between the Charge and the Rate oj Absorption of the Bubble 
The above adsoiption hypothesis is further confirmed by an examination of 
the bubble charge after the surface is fully formed At this stage the adsorption 
baa reached a state of dynamic equilibrium Hence, from equations (2) and 


dN 

(3),wben<= w, — 0, 


Therefore 


N, =- */Y, 

N 


V hr* 


1 + 


a /Y 

W<£ 


>wr 


The equilibrium charge is therefore 
47 ir 1 (N 


v-^-TTEs) 

T \ n,v y y / 


4”P/Y ' 
r LVG re 


<») 


This is the equilibrium charge when the bubble is not being absorbed into 
the water But when air-free water is used, the gas molecules pass through 
the surface in a continuous stream. Consequently more positive ions will be 
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removed by collisions between them And the incoming air molecules. Hence 
the total charge on the bubble is greater the faster the bubble ia absorbed. 

The number of positive covering Iona removed by the air molecules will 
obviously be proportional to the number of air molecules passing per second 
through unit area of the surface, and also to the number of positive ions 
present per sq rm of surface But the rate of absorption of the bubble is 


dt 


(U 


Therefore the number of air molecules passing through one square centimetre 
per second is dr/dt Then the equation giving the number of positive ions per 
square centimetre will become 


where C is a constant 
In equilibrium 

Therefore 


rfN, 

dt 


= 0 and 


N. = ? 


N.=. 


iLl 




i + 


and the chnrge per unit area 
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The total charge is 


[k+ctWte 






but 


(*+ c S' /s 


- = M, 


( 10 ) 


Mo = f . 

Y l 1 + *vV 

total charge when rate of absorption is aoro. 
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“Therefore 

____ ________ »* 

{U TcflV^T *Ay} jfc\/6jr " vVf} 

and 

1 _ UV6rc + , (H/thr j- n,n,y) tt rf/ 

M — Mo 47tn r ii 1 ,{J (Sfirt^n^pC rfr 


or 


i k \/far 4 V'„y \ /j . A \Z6rc H_ tfr > 

' i™ v v y $ , ' Vb*C dr 


M 


mt a+b £’ 


where A and B arc constants no long as n, v and it nre constant 
If now a aeries of bubbles of constant diameter arc examined in water of 
-constant conductivity but containing different quantities of air in solution, 





25Q 


T\ Alfcy. 


then n, v And k will be constant and by the above equation there should be a. 
straight hue relation between 1/(M — M 0 ) and dijdr. 

This has been rxamincd experimentally. A bubble of 0*05 cm. diameter 
was used in air-saturated water. The equilibrium charge on this bubble gives 
the value of M 0 The charge (M) on a bubble of the same diameter was then 
measured in a senes of experiments in water unsaturated by air. By using 
water of various degrees of air saturation values of M could be determined for 
various values of drj(U (measured expenmentally). The ]/(M — M 0 ) was then 
calculated and plotted against tft/rfr. The result ia seen in fig 5, which is a 
straight line graph and offers strong evidence in support of the theory' 


Evaluation of the Potential Difference between the Surface and the Interior 
of the Liquid 

Since it is assumed that an air bubble has a resultant charge, Helmholtz* 
equation may not be applied On the other hand, the concentration of adsorbed 
ions on the bubble surface will result in a potential difference between the 
surface and the interior of the liquid This potential difference may be 
determined by the use of the Boltzmann equation 

m l -= m i e~* lkl , 

where and m t are the number of particles in regions 1 and 2 in equilibrium, 
and ^ is the work done in moving one particle from region 1 to region 2. 

Now let m a and m l be the number of free negative ions per c c. near the 
bubble surface and in the interior of the liquid respectively. If there is a 
difference of potential of V volts between these regions, the work done in moving 
one ion from the surface into tbc interior of the liquid will be V>/300 ergs 

Taking c - f 774 X 1«“ 10 e.s.u 
k - 1 .172 X H>~ 11 
T - auo° A 


-Fr- 18 ' 05 - 


log, w ,/m a = d8 V, 
V = 3 -Tfin l0 »'&)- 


(ID 


Hence a knowledge of the number of ions per c c. in the liquid and on the 
surface will give the value of V. It has been shown above that in one repre¬ 
sentative experiment, the number of ions per c.c. in the liquid was 7*0 x 10®. 
For the evaluation of m a it is only necessary to consider the uncovered negative 
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ions oil the surface, since those having a positive ion attached will exert no 
repulsion on another negative ion approaching the surface 

In equilibrium in the above experiment, the number of such ions on the 
bubble was 2 09 X 10 3 Consider the time at which the area of the bubble 
was 5 X 10 _a square ems 

Then the number of ions attached per square cm — 1 18 X 10 fl and average 

distance between these ions — /--- 3 )' 

1-18 X 107 

« 4 89 x 10" J cm 

Hence in a small volume close to the bubble surface the negative ions are 
4’89 X 10“ 4 cm apart Consequently the number per r,e in this region is 

(ilS- x i o-' ) 1 - 8 '”*" 1 '’ 

hence 

irq 7*0 X 1O 0 , 
m a 8 S'* X 10 9 , 
and therefore by equation (11) 

V = 0 064 volt, 

which agrees well with the values determined directly by other observers. 

Since it is found that while the bubble shrinks the charge remains constant,. 
m a and therefore V must increase as the bubble diameter decreases. 

Summary 

The electrical charge on an air bubble m water is measured under vanoua 
conditions and an examination is made of the mode of formation of this surface 
charge. For bubbles ranging in diameter from 2 0 nun to 0 2 mm. the total 
charge is independent of the diameter when equilibrium conditions obtain 
at the surface 

The constitution of the surface layer is examined theoretically and a new 
method of measuring the potential difference between the surface aud the 
interior ol the liquid is suggested 

In conclusion the writer wishes to express his appreciation of the unf&jhng 
kindness of Prof. Sir J J. Thomson, who has interested hiineelf in the work 
and given much helpful criticism. 
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The Effect of Superposed Alternating Current on the Polarizable 
Primary Cell Zinc—Sulphuric Acid—Carbon Part II - 

High Frequency Current 

By A J Allmand, D Sc., and H C, Cocks, Ph D. 

(Commumcatod by Prof S. Smiles, F B.S —Received May 11, 1926 ) 

In Part I of this investigation,* it was shown that, when alternating currents 
of frequencies between 20 und 400 per second are passed through the primary 
-cell zmc-gulphunc acid-carbon, thp depolarisation and increase in current out¬ 
put first observed by Brown,f are essentially due to an effect produced at the 
carbon electrode, the potential of which becomes more positive by an amount 
depending on the strength and frequency of the alternating current used The 
greater this current and the lower its frequency, the greater the effect, a result 
quite in line with what was already known on the subject of the action of 
superposed alternating currents on polarised electrodes 

Brown had, however, also obtained a marked action when using a current 
of 12000 periods, and had ascribed it to an effect produced at the zinc electrode 
The results of Allmand and Puri indicated that such high-frequency currents 
would be unlikely to depolarise the carbon electrode perceptibly. In addition, 
the anodic solution of zinc is usually regarded os occurring almost reversibly, 
although Allmand and Pun had certainly noticed a small depolarising effect 
caused by their low frequency currents. Consequently, the results reported by 
Brown with a frequency of 12000 appeared to merit further investigation, and 
the present paper contains an account of experiments to this end* 

The high-frequency current was generated by a valve oscillator of simple 
design and construction. Three independent colls were used—a grid coil, an 
anode coil shunted by a condenser, and a tapped coupling cod These were 
wound with fajrly heavy gauge DSC wire on large disc-shaped formers. When 
the apparatus was in use, the anode coil was placed on the gnd coil, and the 
coupling coil placed on the anode coil, or supported at a small distance above it, 
according to the output, required. The most suitable tapping of the coupling 
coil for maximum output according to the impedance of the circuit with which 
it was connected was found by trial. 

Three Marooui-Osram L,S 5 valves wore used, thoir grids, anodes and filaments 

* ' Roy Soc Proa / A, vol 107. p 12(1 (1925) 
f ' Roy Soo Pitta,/ A, voL 90, p, 26 (1911) 
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being connected in parallel. The gride were given a negative bias of 45 volts 
by means of ft high-tension battery, thus avoiding the use of a grid leak and grid 
condenser The anode voltage was maintained at 340 volts, and an output 
of about i watts was obtained The anode current was furnished by a 100 volt- 
000 volt direct current rotary transformer. In order to diminish commutator 
npple, it was passed through a “ smoothing ” unit, tonsisling of two 20-Henry 
choke coils (one in the positive and one in the negative lead) and two 2-miprofarad 
condensers (one connected across the input side and one across the output sulo 
of the choke coils). The inductance of the anode coil was measured and found 
to be 0 011 Henry , it was therefore shunted by a condenser of 0 016 micro¬ 
farad, thin being the calculated value for giving a circuit resonant to 12000 cycles. 
The frequencies actually generated were measured by niean^ of a heterodyne 
wave-meter, using the usual * l zero beat M method. They were found to vary 
with the output of the oscillator in accordance with the following table - - 


Table I 


Current in amperes 
delivered Uj the rell 

l 

l Frequeiuy 

| (tyi lesi per Kccoud) 

0 0 

1M2W) 

0 l 

10300 

0 3 

nurd 

0 5 

10910 

0 1 

imo 

0 0 

1M3U 


Experiment* on Current Delivery. 

The primary cell consisted of a carbon rod lrm in diameter, and a stick of 
amalgamated commercial zinc of about the same dimensions, these being 
immersed to varying depths in aqueous sulphuric acid of 1 20 specific gravity. 
The circuit* employed were very similar to those used by Brown. The direct 
current circuit contained a switch, a moving-coil m 1 11 1 am me ter, a chokmg-coil 
and a variable resistance The alternating current circuit was composed of the 
coupling-coil, ft hot-wire ammeter, a vamblc resistance and a 1-roicrofarad 
condenser. In each experiment, the direct-current circuit was first closed, and 
the cell allowed to furnish current, the regulating resistance being adjusted 
until the amperage hod settled down to a pre-determined figure. The alternat¬ 
ing current was then switched in, kept running for A minute, and the new value 
of the direct current read oil This was repeated for different ftltemating- 
cumnt strengths, the direct current being adjusted to its original figure in 
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between the alternating-current periods when required. This was seldom 
necessary, as, in practically every case, the changes in direct current, on switching 
in and out the alternating current, were abrupt and at once ceased. During 
all the experiments, the zinc electrode remained coated with bubbles of hydrogen, 
and no diffe rence in its appearance could be detected when the alternating current 
was switched in or out. 

The lengths of electrode immersed in the different experiments were os 
follows:— 

I —ft < m. of zinc rod , 5cm of carbon rod 
II —5 cm, of zinc rod , tip of carbon rod. 

III --Tip of zinc rod . 5 c m. of carbon rod 

In two other experiments, the enrbon rod was fully depolarised by immersion 
in a small porous pot containing Btrong iutnc acid (as m the Bunsen primary 
cell), 

IV - 5cm of zinc rod , 5 c m of carbon rod (in HN0 3 ) 

V.—Tip of zinc rod , 5 t\m. of carbon rod (iu HNO a ) 

The voltages of these cells when furnishing direct current in the normal way 
were not actually measured, but it will be clear, when it is remembered that 
the main polarisation is at the carbon electrode, and, in every case, will bo 
greater, the smaller the electrode, that they will stand in the orderIV>V>I> 
III^II A calculation based on the currents supplied and the approximate 
values of the senes resistances in the different cases points to figures of about 
1 G, 1 5, 0-2, 0*1 and 0 04 volt respectively. 

The data obtained ace plotted in the figure. 

The results are, of course, somewhat complex, owing to the fact that, as will be 
aeenlater, polarisation is occurring normally at both electrodes, and that therefore, 
if it ia relieved at one electrode, the increased cell output is, to a oertain extent, 
nullified by the fact that the greater current density causes increased polarisa¬ 
tion at the other electrode. They con, however, be explained on the assumption 
that, as Brown supposed, the seat oE the depolarising effect of the high-frequency 
current is Bolely at the zinc, and not at the carbon, electrode Thus, cells IV 
and V both give an increased current output. The percentage increase is, 
however, small, as the cells, to commence with, are only slightly polarised. 
It is rather greater with V than with IV, where the initial polarisation, owing 
to thejarger ziue electrode surface, is lr=s With cell I, the effects are much 
greater, corresponding to the low- initial voltage Curve III rises more rapidly 
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than I, owing to its originally h cavier polarisation. In coll 11, the initial polarisa¬ 
tion is almost entirely due to the small carbon electrode, and this is not affected 



by the alternating current Hence, its increase in output is relatively small, 

even for a very high ratio of alternating current to initial direct current 

$ 

Experiments mi Electrode Pot nit ml 

The measurement of electrode potential, however, offers the most certain 
method of investigating the nature of the effect, and such measurements weie 
next undertaken The general arrangement employed was similar to that used 
by Allmund and Puri, but the problem was here a simpler one, in that the high- 
frequency currents allowed of the use of a condenser in the alternating current 
circuit, any leak of direct current into the latter being thereby eliminated The 
same carbon electrode w^as used as in the above experiments, whilst the amalga¬ 
mated zinc electrode was of the pure metal, lxl cm. in crow* section Both 
electrodes were immersed in the electrolyte (sulphuric acid of J >0 S (I.) to a 
depth of 5 cm. The auxiliary electrode for leading in the alternating current 
was of the same material as the cell electrode under investigation, whilst the 
chokingcoil in the direct-current circuit prevented alternating current from 
passing through the other cell electrode The circuits were otherwise practically 
identical with those described abo\e A voltmeter was put across the cell 
electrodes in order to measure the effect of the superposed alternating t urreut 
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on the cell voltage The electrode potentials were determined by the usual 
compensation method, employing a Luggin capillary, metre bridge, and moving 
coil galvanometer. A normal mercurous sulphate electrode used aa 

reference electrode, and was connected with the cell electrolyte by a bridge 
of N Hj[SO|. 

In carrying out the experiments, measurements of open circuit 10 M.F and 
of electrode potential were first taken. The cell was then allowed to discharge 
through a suitable resistance in the direct-current circuit until the current was 
constant (30 minutes to 2 hours), when current, voltage and electrode potential 
were read Then an alternating current of 0 * 1 amp. was allowed to flow for 
fi vc minutes, and a fresh set of readings taken This was followed by an interval 
of five minutes with direct current only, the same readings as before being 
taken, after which alternating current of higher amperage was applied for 
five minutes, and so on The highest alternating current used was 1 Ampere, 
whilst the direct iuncut output of the cell \aried between 0-023 and 
0 000 ampere. 

Thr results obtained when the high-frequenty alternating current was super¬ 
posed on the carbon cathode are quickly described. Two senes of readings were 
taken, and in neither of them was an alteration in polarisation greater than one 
millivolt observed when switching in or out the alternating current In 10 
out of 14 such changes, there was no perceptible effect Naturally, the cell 
voltage—read to the nearest millivolt—was equally unaffected. The ratio 
alternating current . direct current in these experiments varied between 2-2 
and 4J5 We therefore conclude that alternating currents of frequency 10,000- 
12,000 do not affect the polarisation of a carbon cathode charged with hydrogen, 
a result to be anticipated from the work of Ailmand and Pun. 

With the zinc electrode, an effect was obtained, and the data are given in 
Table IT, 

It will be noticed, first, that the effect of superposing the high-frequency 
alternating current on the zinc electrode is to increase considerably the cell 
current output Thus, with an alternating current of 0 ■ 9 amp., the cell current 
is doubled During the intervals in which alternating current is not flowing, 
however, it drops below its original value. This is due to the increased polarisa¬ 
tion at the carbon electrode, brought about by the heavier current passing during 
the preceding period. Column 4 shows the corresponding voltage changes, and 
its last two readings bring out the slow recovery of the polarised carbon electrode 
after all current has ceased to flow, The chief interest in the table, however, 
lies in columns 5 and 6 Column 5 shows that an amalgamated tine anode, 
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Time In 
minutes from 
rom man de¬ 
ment of 
experiment. 

Alternating 
currant in 
amperes 

1 

Direct current 
la milli- 
amperes 

Voltage of 
primary cell 

In volts. 

Potential of 
Zulg Electrode 
(«ji) ut volts, 

Change u\ 
potential la 
niiiiivolts due 
to alternating 
cornHit 

0 

0 0 

0 

1 3 

0 740 * 


SO 

0 o 

' 00 

0 12 

0 073 


40 

0 1 

00 

0 110 

0 082 

- 0 

B0 

0 0 

40 

0 110 

0- 073 


00 

02 

02 

0 123 

0 704 

-29 

00 

0 0 

48 

0 108 

0 ft75 


00 

0 3 

80 

0140 

0 737 

-b2 

70 

0 0 

40 

0 105 

0 073 


70 

0 4 

70 

O' 103 

0 777 

-104 

SO 

0 0 

45 

O'105 

0 072 


80 

0 0 

80 

0 100 

0 SIS 

-146 

f>0 

0 0 

40 

0 100 

0 812 


00 

00 

00 

0 232 

0 880 

-213 

100 

0 

48 

0 100 

0 875 


110 

0 

0 

0 74 

0 781 


100 

0 

0 

0 01 

0 781 



subjected in dilute sulphuric acid to a current density of the order* of 
10 milKamps./cra. 3 , is polarised to the extent of more than 0*1 volt, whilst 
column 6 shows that high-frequency currents not only lower this polarisation, 
but, if sufficiently great, completely destroy it, and, eventually, make the 
electrode considerably less noble than a static zinc electrode Allmand and 
Pun (who were using a considerably lower direct current than here employed) 
make no particular reference to any direct current polarisation, whilst the 
depolarising effect of their low-frequency alternating currents was far less 
than here recorded (although the maximum alternating current ; direct current 
ratio in their case was 200, as against 20 in the above tabic) 

The zinc electrode in this experiment wat covered with bubbles of hydrogen. 
Although no visible change of any land was noticed when the alternating current 
was switched on, some connection between the presence of this layer of gas and 
the unexpected polarisation and depolarising effect appeared possible. Accord¬ 
ingly, experiments wore done m which the zinc electrode was placed in a neutral 
ZnS0« solution, whilst the carbon electrode was immersed in a dilute solution 
of sulphuric acid, contained in a porous pot. Using a normal calomel electrode, 
the influence of the high-frequency current on the potential of the zinc electrode 
(when the cell was polarised) was again investigated. The effects ohserved 
were less, and it suggested itself that they were connected with the diffusion of 

* This am antes that only one fo.ee of the immersed rod carries the current The real 
oorretit density will certainly be less than this, and will vary from point to point of tho 
electrode. 

VOL. 0XU.—A. S 
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acid oat of the porous pot surrounding the cathode. Accordingly, the carbon 
cathode was replaced by one of amalgamated zinc, and the sulphuric acid by 
neutral ZnS0 4 solution, the anode now being polarised by an accumulator 
placed in the direct current circuit The result was to reduce both the direct 
current polarisation (already much less than when the zinc was in the sulphuric 
acid), and also the effect of the alternating current, down bo a few millivolts. 
On adding sqlphuiic acid to the electrolyte, both these magnitudes rose to values 
oomparable with those first observed with the acid solution. The actual data 
are recorded in the paper which follows 

Discussion. 

It thus appears that high-frequency currents have a very considerable de¬ 
polarising action on an anode of amalgamated zinc in a solution containing free 
acid, and that this effect, as suggested by Brown, is the cause of the increased 
current output in the Zn-H^SOi-C cell Both electrodes in this cell contribute 
to the polarisation, the carbon to a considerably greater extent than the zinc. 
But whereas low-frequency alternating currents only affect the zinc electrode 
to a small degree, whilst materially decreasing the polarisation at the carbon, 
high-frequency currents are without any effect whatever on the carbon, and 
profoundly influence the zinc electrode The depolarising action of the low- 
frequency currents on the carbon electrode can be attributed to the partial 
destruction of the hydrogen charge during the anodic pulse, a reaction which is 
by no means instantaneous, and therefore the more marked the lower the 
frequency But the effects at the zinc electrode described in this paper are 
less easy to analyse. We have investigated them in more detail, and the results 
are described in the following communication. Here it will only be said that 
they are apparently in no sense connected with the disruption of a visible film 
of gas by means of a rapidly alternating electrical stress There is no perceptible 
change in appearance of the gas-covered zinc anodes when the current is applied. 
There is no change in appearance or decrease in overvoltage at the carbon 
cathode under the same circumstances And in the experiments mentioned 
above, in which the zino was immersed in a zinc sulphate solution, under 
conditions whioh made diffusion of acid from the cathode possible, although 
both polarisation of the anode and its removal by the high-frequency current 
were observed, there were no visible bubbles of gas on the zinc. 

These experiments were carried out in the autumn of 1925. We are indebted 
to a fund put at the disposal of the laboratory by Brunner, Mond and Company., 
limited, for the purchase of the rotary transformer and the wave-meter. 
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The Polarization of Zinc Electrodes in Neutral and Acid Solutions 0 / 
Zinc Salts by Direct and Alternating Currents.—Part 1. 

By A. J. Allmand, D 8c , and H. C. Cocke, Ph D. 

(Communicated by Prof. S Smiles, F R,8 —Received May 11, 1926 ) 

1, Introdudory. 

In the preceding paper* it was shown that an amalgamated zinc electrode 
made anode in an acid zinc sulphate solution undergoes considerable polarization, 
and that this polarization can be more than overcome by the superposition of a 
sufficiently large alternating current of high frequency Further, Allmand 
and Purif mention experiments in which a cathode of amalgamated zinc bad 
superposed on it alternating currents of intensities up to 200 times that of the 
direct current, and of frequencies varying between 20 and 400, the effect being 
to increase the polarization of the electrode, which became more negative. 
These results were not to be anticipated from previous work, and it seemed 
that a closer investigation of the whole subject might not only explain the facts 
referred to, but perhaps throw fresh light on the mechanism of the electrode 
processes involved. As possible factors affecting the phenomena could be 
considered the amalgamation or otherwise of the zinc electrode, the presence or 
absence of free acid in the solution, the nature of the zinc salt (e g , whether 
sulphate or chloride), duration of electrolysis, temperature, the absolute and 
relative values of the direct and alternating current densities, and the frequency 
oi the alternating currents The present paper contains an investigation of 
some of these points. Working at room temperature and with zinc sulphate 
solutions, potential measurements have been made with amalgamated zinc 
electrodes in absence and in presence of free HgSOt, and with unamalgamated 
electrodes in neutral solution. Alternating currents and compound currents! 
have been used, and a few experiments made with direct currents Frequencies 
varying between 50 and 11,000 have been worked with. 

2 Experimental. 

The experimental arrangement used was simple, The electrolysis vessel, a 
large beaker, was covered with an ebonite plate which earned three zinc 

■ p. 252 tupv 

t ‘ Roy, Soo Proc.,’ A, vol 107, p 126 (1926). 

J An alternating superposed on a direct current will be termed a compound current in 
this paper, 

B 2 
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electrodes. These were of the purest line available (amalgamated or unamal- 
gamated), identical in dimensions (rectangular rods oi cross-section lxl cnu) r 
and were immersed to a depth of B cm m the electrolyte Two of the three 
were placed close together, and the third some distance away. In the compound 
current experiments, the middle of the three was the one polarized by the com¬ 
pound current and the one the potential of which was measured The adjacent 
electrode led in the alternating-current, whilst the more distant one acted as the 
other direct-current electrode In the measurements with alternating or direct 
current, two only of the electrodes were used The electrolyte was well stirred. 
The direct current was supplied by accumulators, whilst the low-frequency 
alternating currents were obtained from the generators described by Allmand 
and Pun By altering slightly the positions m the circuit of the moving ooil 

milhammeter and the hot-wire ammeter, 
the arrangement for compound currents 
used by Allmand and Puri was much 
improved on (see fig. 1) Although 
leakage of alternating current into the 
direot-current circuit and vice, versa stdl 
takes place, the actual readings given by 
the instruments measure the currents 
which pass through the electrode under 
experiment, and require no correction 
for leakage. When working with high- 
frequency currents, the generator and 
arrangement described by the authors in the preceding paper were employed 
An additional set of ooils was made for us by the Research Staff of the General 
Electric Company, who found that, when they were used under the operating 
conditions described in the preceding paper, the frequencies of the currents 
generated were 536 cycles, 1050 cycles and 1060 tyales when the anode coil was 
shunted by a condenser of 1 microfarad, 1 microfarad and 1/16 microfarad 
respectively. These frequencies were checked by us when our apparatus was 
set up by comparing the note heard in a telephone held near the coils with 
that of known frequency produced by a tuning fork. 

The potential measurements were made in the usual manner, using a normal 
calomel electrode, with a bridge of 3 N. KC1 Precautions were taken to prevent 
the diffusion of this salt into the electrolysis vessel Occasionally a normal 
mercurous sulphate electrode was used All potentials in the paper are referred 
to the hydrogen scale. 
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3. Ummalgamatcd Electrodes tn Neutral Normal Zinc Sulphate Solution 

In all theBe experiments, unless otherwise stated, the electrode under 
observation was polished with emery cloth before use. 

Initial Sialic Potential —This was observed on many ocean 10 ns The most 
negative figure obtained was — 0*793 volt (twice), the most positive — 0 777 
volt (once), and the mean of 37 recorded loadings — 0 784 volt. Vusually 
about 20 minutes were required for these potential differences to become 
constant. 

Cathodic lhredr(\rrent Polarization —With a current of 50 m a , an initial 
polarization of nearly 80 m v. was observed. This fell mcourse of time, and, 
after an hour, the electrode was about 00 m v. more negative than its original 
static potential Higher and lower current densities gave correspondingly 
greater and smaller polarizations On cutting off the current, the potential 
of the electrode immediately became more positive and, after a few minutes, 
Bottled down at — 0 ■ 795 volt and remained there for hours This figure, which 
was always obtained, is more negative than the original static potential The 
cathode after electrolysis was covered with a dark grey deposit, semi-crystalline 
m appearance. 

Anodic Direct-Current Polarization. —W T ith the same current of 50 m 0 , the 
initial polarization observed was about 20 m v , 1 e , considerably less than at 
the cathode It fell with time, but only about 4 m v. in the hour, a smaller rate 
than with the cathode A change in current density caused a change of polari¬ 
zation in the usual direction On cutting off the current, the potential at once 
became more uegative, and, on those occasions on which it was read immediately, 
waa found to have passed its original static potential by a few millivolts This 
effect, however, was only transitory, and in hftlf-an-hour the original potential 
had been regained—in fact, the electrode sometimes became more positive than 
ita original figure The electrodes under anodic treatment roughened slightly 
and became dark grey 

AUematmg-Currcnt Polarization —Measurements were carried out with 
frequencies of 50, 450,1,950 and 11,000 cycles. In general, the potential of the 
electrode whilst the current was flowing was more negative than the static value, 
but the result was complicated by tw o facts. The static potential itself, except 
in the high-frequency experiment, was altered in the negative direction by 
the pasaage of the current, and only returned to its original figure comparatively 
slowly after the current was cut off. Further, the polarization due to the 
alternating current became leas with increased time of electrolysis, whether 
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referred to the original aba tic potential, or to its intermediate value, determined 
during the course of the experiment, either immediately before or immediately 
after the measurement on the polarized electrode. 

With the high frequency, the effect produced was small—thus, an alternating 
current of 0‘9 amp. only changed the electrode potential from —0*790 to 
— 0-799 volt With frequencies of 1,960 and under, care had to be taken to 
avoid getting spurious results, owing to the time effects mentioned. Measure¬ 
ments were accordingly made in which (a) the frequency was kept constant 
and the alternating current increased by steps, periods of current flow being 
intercalated with equal periods during which no current was passing, (6) an 
alternating current of constant amperage and frequency was allowed to flow 
for a considerable time—up to one hour—then cut off, and the rate of return 
of the electrode potential to more positive values noted , (c) experiments 
similar to those under (a) were earned out, except that currents of two 
frequencies were used alternately, two measurements with a given current 
density thus being made before going on to a higher current density. The 
results of these numerous experiments lead us to conclude that an increase in 
current density causes a slight increase in the effect, and that the influence of 
frequency within the limits of 60-2,000 is negligible Table I, which contains 
the amounts in millivolts by which an electrode becomes more negative than its 
(intermediate) static potential after current has been flowing for five minutes, 
supports these conclusions. With the exception of the figures with currents 
of 0 D amp , the values given are the average of two to four readings. 


Table I 


Krequancj 



Current in Arap**re». 



0 Ofl | 

0 1 

0-3 

0 3 

0 7 

0 9 

00 

32 

92 

36 

40 

as 

44 

4 flu 

— 

as 

42 

— 

_ 

01 

1930 

31 

33 

39 

40 

39 



In most cases the electrodes were hardly changed in appearance during these 
experiments, merely becoming somewhat duller. If, however, a sufficiently 
large number of coulombs ab a sufficiently Low frequency were passed through the 
electrode, the surface of the latter became more or less covered with a loose 
grey powder. The static potentials immediately after cutting off the current 
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varied between — 0 1 739 and — 0 - 791 volt, these figures usually slowly becoming 
more positive with time, and approaching the original static value. 

Cathodic Compound Current Polarization .—Keeping the direct current 
constant at O’Ofl ampere,* the alternating current was increased in steps, with 
intervening periods during which only direct current was flowing. In some 
oases, the frequenoy was kept constant during such a senes of measurements , 
in other oases, two frequencies were used alternately (procedures (a) and (c) 
as described for the alternating-current experiments). Complications were 
present owing to the cathodic direct-current polarization decreasing with time, 
and the static potential becoming more negative. With the 11,000 frequenoy, 
practically no change in potential could be detected on switching in and out the 
alternating current With frequencies between 50 and 1950 (measurements 
were also made with n = 100, 240 and 450) and alternating currents of 0-1— 
0-9 ampere, a depolarizing effect was noticed in every case—that is, the 
potential became more positive when the alternating current was superposed 
The changes observed ranged between 4—23 m.v Owing to the complica¬ 
tions referred to, the measurements were not very reproducible The figures m 
Table II give the average differences observed between the intermediate direct- 
current cathodic potentials and the compound-current potentials (one set of 
readings only for 100) 


Table II 


Frequency. 

Current \h Amperes 

0>1 

0 a 

0 5 

0 7 

0 » 

SO 

IS 

14 

10 

0 

U 

ILK) 

n 

10 

15 

12 

12 

240 

10 I 

20 

IB 

10 

15 

450 

12 

20 

19 

10 

14 

1050 

4 

» 

12 

to 

—' 


Frequency would seem to have no influence up to n =3 450, but the change to 
n = 1950 results m a smaller effect, particularly with lower current densities 
There would seem to be, from the table, an optimum current density between 
0-3—0-5 amp, This, however, is only apparent, m the sense that, during the 
electrolysis, the direct-current oathodio polarizations were becoming less (by 

* In all the experiments described id this paper with compound, or superposed alter¬ 
nating on direct currents, the direct-current component was kept throughout at 50 
milliam peres 
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10--20 pi v. in the course of a run) and the static potentials more negative (they 
were — 0 794 to — 0 795 volt at the conclusion of a series of measurements, a 
change of 19 m v. in the extreme case) It is therefore proha bio that, referred 
to the intermediate static potentials^ which were not measured, the polarization 
produced by the compound current may continue to decrease still further as the 
alternating-current component increases If the mean values of the actual 
measured potentials be considered, thus eliminating changes in direct-current 
polarization, the maxima already disappear in the case of the three higher 
frequencies and are made flatter lor the lower frequencies 
After the electrolysis, the electrode was found to be covered with a dark scmi- 
cryetallme deposit when working with lou frequencies, and with a dark grey 
film when using the high frequency 

Anodic Compound Current Polarization —The experiments were earned out 
similarly to those just described Tho complications encountered when the 
polarized zinc electrodes were more negative than the static value were here 
much less important, and the result consequently mure reproducible and easier 
to interpret. Measurements were made with currents of frequency 50, 100, 240, 
450, 530,1050,1950 and 11,000 The superposition of an alternating current on 
u polarized zinc anode causes depolarization, which is greater the larger the 
alternating current and the lower tho frequency Current* of n —- 1950 and 
11,000, even of the maximum strength used in these measurements, gave no 
definite perceptible effect With n = 1050, an effect was first noted at 0 3 amp., 
and with n— 530 at 0*1 amp As frequency was still further lowered, so 
the effect increased, till, with n—50, a current of 0 1 ampere causal a 
depolarization of 5 m.v or more 

Just as in the measurements with direct current, on cutting off the com¬ 
pound current, the electrodes assume for a short time a potential more 
negative than the initial static value, changing in the course of an hour or so 
to a figure more positive than the initial value. 

4. Amalgamated Electrodes \n Neutral Normal Zinc Sulphate Solution. 

In all experiments with amalgamated electrodes, these were freshly 
re-amalgamated before use, unless otherwise stated 
Static Potential -Some twenty measurements were made on freshly amalga¬ 
mated electrodes, and a large number after a polarizing current of some 
description had been cut off The extreme figures noted were —0-794 and 
— 0*797 volt. The average of — 0-790 volt is the accepted figure for the 
potential of the system Zn/N, ZnSO t . 
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Polarization of Zinc Electrodes. 

Cathodic Direct Current Polarization —This was measured for currents between 
10 and 100 ma., and found to be small (up to 15 m v ). Jn one ease, the 
polarizations observed decreased with time, being several millivolts Ices after 
10 minutes passage of current than after 5 minutes Thus, with 50 in a , 
the initial value of 13 in v. changed to 10 ni v The bright surface of the electrode 
was afterwards found to be dulled In (mother instance, where the polarizations 
were constant over 10 minutes, they were distinctly lower, and the electrode 
at the end of the experiment was crystalline in appearance The polarization 
for a current of 50 m a was 7 m.v in this case, The same figure was obtained 
in another expenmont, and remained constant over an hour In still another 
case (see below), the polarization for the same current was only Imv, and re¬ 
mained constant during the experiment (15 minutes) 

Anodic Dwtct-Curreni Polarization .—This was still smaller, and increased 
linearly with the current density, in one ease amounting to 9 m v at a current 
of 0 1 ampere. After the experiment, the electrode surface wns somewhat 
dulled 

Alternating Current Polarization - Measurements were made with currents of 
frequency 50, 1950 and 11,000 No appreciable time effect was noticeable 
The observed polarizations were negative and very small with the two lower 
frequencies Thus, with a current of 0*5 ampere and frequency 50, values of 
2 and 4 m v were noted in two different experiments The figures with n -= 
1950 were practically the same, if anything, rather less With n — 11,000, 
the effect was greater, e.g. t 16 m v for 0-5 ampere The electrodes became a 
dull white in appearance during the low-frequency experiments—with 11,000 
cycles, no change was noticed 

Cathodic and Anodic Compound Current Polarization -We used currents of 
50, 400 and 11,000 cycles With the lower frequencies, the effects of super¬ 
posing an alternating current were small at both anode and cathode- in the 
former case, within the experimental error of 1 millivolt, whilst, in the cathodic 
experiments, on one occasion a slight increase in polarization apparently took 
place (not exceeding 2 millivolts with an alternating current of 0*9 ampere) 
the remaining experiments giving no indication of any effect on the direct- 
current polarization figures The intermediate direct-current cathodic polari¬ 
zations fell throughout the experiments, and were only about 5—G m v at the 
end of a run, whilst the surface of the electrodes became roughened and crystal¬ 
line in appearance. In one experiment, where the initial figure was abnormally 
high, a decrease also took place m the anodic direct-current polarization 

With 11,000-cycle currents, no change whatever was noticed when they 
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were BUperpoeed on a cathode, the direot-onrrent polarisation of which, however, 
was only 1 m.v (leu than the usual figure), La the anodic experiments the 
direct'Current polarisation was 10 m v (greater than usual) and remained 
unchanged during the measurements. A definite depolarizing effect was 
produced in this case, amounting to 10 m v. when the alternating current was 
0*9 ampere. 

5. Amalgamated Zinc Electrodes in Acidified Zinc Sulphate Solution*. 

Static Potentials. —About fifteen readings of the potential of an amalgamated 
electrode in N ZnS0 4 + N H a S0 4 gave values varying between extremes of 
— 0 791 and — O'799 volt, the moan of just over — 0*795 volt being practi¬ 
cally the name figure as was given by unacidified N ZnS0 4 . No gas film was 
visible on the electrodes. On the other hand, in solutions of composition 
N. ZnS0 4 -f H|iS0 4 , where the zinc electrode became covered with bubbles 
shortly after immersion, potentials of — 0-811 to — 0-81B volt were observed 

Cathodic Direct-Current Polarization —This was considerable, and depended 
on the concentration of the free acid and the time of electrolysis. With an 
acid concentration of IN, and a current of 50 m.a , the polarization, read five 
minutes after starting the current, was about 70 m v In one case, in which 
no visible change in the surface of the cathode was caused by the passage of the 
current, tins figure decreased slowly with time, being 61 m,v. at the end of an 
hour In another case, in which the cathode became coated with minute zino 
crystals during the experiment, the fall in potential was far more rapid, the 
polarization after an hour being only 17 m.v. With the more strongly acid 
solution (7N) and the same current density, an initial polarization of 0*197 volt 
was observed in one case, falling to 0 187 volt m 18 minutes , on another 
occasion, the initial figure was 0 220 volt, dropping to 0 * 193 volt after 34 minutes. 
There was a tendency towards slow cathodic evolution of hydrogen from this 
strongly acid solution, the gas bubbles which coated the electrode in the static 
condition becoming larger and, in some cases, detaching themselves Nothing 
of the sort was observed with the less acid electrolyte. On cutting off the 
current, the polarization immediately disappeared, potentials of —0*796 volt 
and — 0*817 to - 0 820 volt being reached within a minute in the weak and 
Btrong acid solutions respectively 

Anodic Direct-Current Polarization —High initial figures were obtained with 
the electrolyte N Zn0O 4 + N. Hj 80 4 , less, indeed, than the oorraponding 
cathodic polarization, but increasing to very high values as electrolysis pro¬ 
ceeded. There was no visible alteration of any kind in the electrode. The 
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nature of these changes in two different freshly amalgamated eleotiodes u 
illustrated graphically in fig. 2 



At points A A A t .. , a current of BO m a. was switched in, and at points 
BxBj. . switched out. Between B a and A* the electrolyte was changed, the 
ourrcnt being interrupted for 30 seconds The polarizations observed are far 
greater than those given in neutral ZnS0 4 solutions, whether with amalgamated 
or unamolgamated electrodes Attention is drawn to the fact that high 
polarization figures are reached far more rapidly after an electrode has been 
once polarized and allowed an interval for recovery than when a freehly amal¬ 
gamated electrode is polarized for the first time Further, the recovery of the 
initial static figure after cutting off the current is much slower than is the case 
after cathodic polarization 

With the solution of composition N ZnS0 4 -\- 771*80*, still greater initial 
effects were obtained Thus, with the same current, a polarization of 80 ra v. 
was observed after two minutes and 90 m v after 10 minutes. With continued 
polarization, the layer of hydrogen bubbles slowly disappeared. 

Alternating-Current Polarization —Using the electrolyte X. ZnS0 4 + N H 
experiments were done with currents of 50, 460 and 1950 cycles. The polari¬ 
sations observed were negative in all oases, and quickly became constant The 
figure obtained increased with increase in current density, at first rapidly and 
then more slowly, bnt appeared almost independent of frequency within the 
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lurnt* OBod On the other hand, it Beamed to depend on the initial potential 
of the electrode, being the greater, the more pom five the latter. Thu is mode 
clear by the data in Table III for n ^ 19150. The polarizations are given in 
volts. The initial static value of — 0-782 volt wm found for an electrode 
which hail not been freshly re-amalgamated before use 


Table III 


(.'urifJit 

1 

J Initial HUtio Potential 

- 0 700 

- 0-701 

- 0 782 

0 Gfl amp 

0 0 amp. 

- 0 011 

- 0 0,12 

- 0 022 
— 0 03S 

- 0 033 

- 0-OW) 


After cutting off the current, the elec trode potentials reverted to their original 
static values wheu these were uf the normal figure of — 0-795 to — 0-796 volt 
With electrodes which were at the start more positive, the final static value 
lay between the original figure and — 0*795 volt. In all cases, currents of 
0-5 amp and over caused the appearance of bubbles of gas on the electrodefl- 
Sirmlar experiments were done with the more strongly and solution, using a 
frequency of 11,00(1 Negative polarizations were observed, less at low currant 
densities than Ihoae recorded above for the lower frequencies and less acid 
electrolyte, but increasing very rapidly with the current strength. With a 
current of 1 ampere, there was a slow evolution of gas, immediately ceasing 
when the current was cut off. The intermediate and final static potentials 
were within a millivolt of the initial figure 
Cathodic Compound Curt mi Polarization *—We used currents of 50 and 470 
cycles in the weaker, and 11,000 cycles in the stronger, acty solution. The 
experimental data were agam somewhat difficult to interpret, owing to the 
decrease of cathodic direct-current polarization with time. Making allowance 
for this, And for the lees important changes in static potential which also took 
place during the electrolysis if the initial values differed from the average or 
normal value characteristic of the electrode system, the result is that alternating 
currents of all frequencies bring about a partial depolarization, i e. f that the 
electrode potential becomes more pbeifcive This effect increases rapidly with 
current density to begin with, bat soon seems to approach a limit A change 
from 00-cycle to 470-cycle current has no effect. The visible result of super¬ 
posing the alternating current in the N. ZnS0 4 + N. HsBOi solution was to lead 
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to the appearance of bubbles of gas on the cathode In tile case of tho more 
strongly acid solution, the superposition of a higher frequency current of sufficient 
strength caused an increased rate of disengagement of the hydrogen with which 
the electrode was covered. This lasted for some minutes after the alternating 
current had been cut off 

Anodic Compound Current Polarization —Similar experiments were done to 
those just described, and the same difficulties (though loss important) were 
encountered in the interpretation of the results, owing to gradual changes 
in the direct-current polarization (a plow increase) and in the static potential 
(a tendency to become more negative) In all cases, a very marked depolar¬ 
ization resulted, and, with the highest currents used, the zinc was dissolved 
at measured potentials more negative than its static potential, i.s , lb behavod 
like a baser metal than one. The biggest effects were noted with currents of 
11,000 cycles in the solution of composition N. Z n S0 4 + 7N . HgSO* Our 
experiments do not yet enable us to say whether the increased acidity or the 
increased frequency is the essential factor The experiments ^vith the lower 
frequencies and less acidified solutions indicate, however, a definite, though 
small, increase of the effect with rising frequency. 

0. Discussion. 

Fig 3 contains the salient numerical data which must be accounted for in 
any explanation of the phenomena described above. Along the ordinates are 
plotted the alternating current intensities in amperes. Potential differences 
expressed in millivolts are plotted vertically In diagrams a, b , d, e, g, h, in 
order to avoid complications duo to changes in direct-current polarization with 
time during the experiments, the intermediate potential at any moment of the 
electrode polarized with a direct current of 50 m a. is taken as the zero of the 
scale, %.e , the direct-current polarization potential determined either immediately 
before switching m the alternating current or immediately after cutting it out 
The differences between this zero line and the various curves then give directly 
the effect on the potential of superposing for 5 -10 minutes on tho direct current 
an alternating current of a certain frequency and intensity. The distance 
between the zero line and the heavy horizontal line represents the average 
value of dtreot-curreTU polarization measured after the current has been passing 
for 5—10 minutes, and referred to the average initial static potential value oi 
the electrode concerned [—0 784 volt for Zn (unamalgamated)/N. ZnSO*; 
— 0-796 volt for Zn (&ma)gamated)/N, ZnS0 4 and Zn (amalgamated)/ 
N ZnS0 4 + N, HjS0 4 ; —0-815 volt for Zn (amalgamated)/N ZnSO* + 
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7N. H|SO*], In this sense only, the heavy line corresponds to the static 
potential of the electrode Owing to changes in static potential and polarization 



Fia 3 


potential difference with time during electrolysis, the differences between this 
static potential line and the various curves in most cases have only a qualitative 
significance. 

In diagrams c, /, k, the thin horizontal zero line denotes the intermediate 
static electrode potential, and the differences between this line and the various 
curves represent the immediate effect caused by switching in and out the 
alternating current. 

(a) Utumalgamatod Electrodes 

In the case of the well-known anodic and cathodic retardation phenomena 
exhibited by the ferrous metals, it is generally agreed (although the details of 
the explanations proposed vary considerably) that the presence of oxygen or 
absence of hydrogen in the metal when acting as anode favours a high polariza¬ 
tion figure, whilst the presence of hydrogen has the same effect in the cathodic 
process. The solution and deposition of most other metals from their simple 
salt solutions, on the other hand, have usually been regarded as taking place 
essentially reversibly, and the observed polarisations (less than with the ferrous 
metals) as being of the nature of concentration polarization. 



















271 


Polarization of Zinc Electrode*. 

A closer examination of the available data, however, shows that the matter is 
less simple. The cathodic and anodic current density—potential curves given 
by meroury and lead in their nitrate solutions—are indeed so steep as to be 
explicable in this way. But other systems— e,g , Zn/ZnS0 4 and Cu/CuSO f 
behave differently. Thus, lor the anodic solution of Hg (in acid HgN0 9 ), 
Cu (in acid CuS0 4 ), and Ni (in neutral NiC 1 9 ) at room temperature and at a 
current density of 5 m a./cm ■, the respective polarisations are of the order of 
5, 20 and 400 m.v. ; whilst for the cathodic deposition at the same current 
density of Hg (from acid HgNO a ), Zn (from neutral ZndOJ, and Ni (from nearly 
neutral NiCI,), polarisations of about 6, 70 and 160 m.v are required.* The 
obvious suggestion that, with metals like copper and sine, electrode retardation 
phenomena occur of the same type as with the ferrous metals, but of smaller 
magnitude, is supported by the oscillographic work of Le Blanc,f who showed the 
existence, during both anodic and cathodic processes, of polarisation effects too 
great to be accounted for by concentration polarization. We assume then that 
the observed polarization phenomena are due to retardations in the actual 
electrode process, and that these retardations are closely connected with charges 
ol atomic oxygen and hydrogen in the electrode surface layers. 

Static Potentiate. —The presence of such charges being postulated, it follows 
that, at electrodes showing static equilibrium potentials, the following equihbria 
must exist— 

Zn -h2H’zr2H-l- Zn ’ 

Zn ' -j- 2 OH' * 0 -|- Zn -{- H 9 0 

and that the observed electrode potential difference must agree, not only with 
the figure calculated from the osmotic pressure of the zmo ions and the electro¬ 
lytic solution pressure of Bine (to use the conventional terminology), but must 
equally be reconcilable with values derived from the electrolytic solution pres¬ 
sures of H and of O and the H' and OH' osmotic pressures. The presence of 
O atoms in a zinc crystal lattice will result in a lowering of the electrolytic 
solution pressure of zinc, and the electrode will exhibit an alloy potential, the 
value of which will be more positive the higher the oxygen concentration. On 
the other hand, the presence of H atoms in the surface layer will make the 
potential more negative—atomic hydrogen u the baser constituent of the 

* EArstar, ' Elektroohemie wAsseriger LAsungnn,’ pp. 355, 399 (1922), In our experi¬ 
ments with Zn/N ZnSO*, the observed anodic and oathodJo polarizations were also about 
20 and 70 m.v respectively, which, with a current of 50 m.a., Indicates that we had an 
active electrode area of 10 om *. 

t ' Abhandlungen der Deutsches Buruen-GeseUschaffc,’ No, 3, pp 40 ff, 4B (f (1910). 
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Zn—H alloy. A zinc electrode in equilibrium with an aqueous solution of a cine 
salt will contain then both H and 0 atoms in its surface layer— %n minute amounts 
—and will have a potential which will be more negative the greater [H] and the 
lees [0] The potential* of unamalgamated electrodes in N. ZnS0 4 noted by us 
averaged - 0-784 volt, and varied between — 0*793 and — 0*777. The true 
potential of Zn/N ZnS0 4 , unaffected by other factors, is probably — 0*796 volt. 
We suggest that these electrodes, owing to contact with air, were carrying an 
O charge rather in excess of what would correspond to equilibrium between 
electrodes, originally oxygen-free, and an air-free electrolyte 

Cathodic Polarization. —Zn"' and H' ions, the latter in very smal^atnmint, 
are discharged, and the electrode becomes covered with a freshly deposited 
surface containing Zn and H atoms Hydrogen over-voltage at a zinc elec¬ 
trode is high, and this is explained by a slow rate of union oi H atoms, deposited 
in the zinc lattice, to form molecular hydrogen. Consequently, the concentra¬ 
tion of H atoms m the surface layer increases in excess of the amount which 
would correspond to the equilibrium potential of — 0 796 volt, and the dis¬ 
charge potential of both Zn" and H" ions becomes more negative than this 
equilibrium figure. The polarization noted by us was about 80 m v at the 
start, but gradually decreased with time A change in appearance of the 
electrode took place simultaneously—it became covered with a loose greyish 
deposit It is known that hydrogen over-voltage is less in such a case than 
at a smooth electrode, owing to the decreased rate at which H atoms are 
deposited per unit of surface, and possibly owing to the fact that, in a 
metal lattice at the moment of its formation, the H atoms are less 
firmly held The same explanation would account for the decrease in zinc 
deposition polarization noted by us. The rapid fall in potential to the equili¬ 
brium figure of — 0*796 volt when the current was cut off is, of course, simply 
due to the rapid disappearance of the excess of H in the surface layers—either 
by the reaction 2H H t or by 2H 4 - Zn"" * 2 H' + Zn 
Anodic Polarization. - We assume provisionally simultaneous formation of 
2n a ' ions and deposition of 0 atoms, the latter in small amount, and by the 
discharge of OH' or SO/ ions. The presence of the oxygen in the surface 
layers not only makes the reversible solution potential of the zinc more positive, 
but also retards the process Zn + 2 0 Zn'' — it would seem natural 
that tile presence of electronegative atoms in a metal lattice should restrain 
the mobility of the metallic atoms—and there is, consequently, an initial 
polarization of some 20 m v. A fresh metafile surface is being continually 
uncovered, and if one assumes that O deposition is occurring at a rate too 
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ulow to keep up the 0 content to the value corresponding to the original air 
potential, the alow fall in polarization is explicable The slight roughening 
of the surface may also play a part. After cutting off the current, the potential 
at once drupe to and passes its original value, an effect due to the low O density 
in the freshly exposed zmc surface But, in course of time, the electrode 
chargee itself up with oxygen until in equilibrium with the atmosphere, and 
the original potential is reproduced - 

Alternating Current Polamat%on (fig 3 (c)) —The potential road is an average 
figure, which is a complicated function of a large number of variables. Assum¬ 
ing, as here, that the electrodes exhibit polarization with direct currents, the 
simplest case conceivable is one in which the changes in the electrodes respon¬ 
sible for the setting m and disappearance of such polarization take place rapidly 
m comparison with the duration of a single unidirectional current pulse In 
these circumstances, the observed potential should be near the arithmetic 
mean of the direct-current potentials for this current density. If, on the 
other hand, some one or more of those processes take place slowly, then a diverg¬ 
ence from this mean value may be anticipated. In our case the assumed 
relations are the formation and disappearance of H and O charges in the 
electrodes, and a polarization potential rather more negative than this mean 
value is found For an alternating-current of 0 05 ampere, the observed 
polarization for frequencies of 50 and 1950, aftrr five minutes' flow of current 
were — 31 to — 32 m.v,, whilst the mean value of the direct-curre^fyolariza- 
tions after the same lapse of time (anodic + 20 m v., cathodic — 70 in V.) is 
— 23 m.v This might be taken to signify that the rate of loss of deposited 
H atoms ia so slow that an appreciable fraction still exists in the metal at 
the end of the cathodic pulse—or perhaps that the discharged OH' or S0 4 " ions 
had insufficient time to furnish oxygen, or this oxygen to enter the zinc surface 
This last supposition sounds plausible, for whereas only two steps are involve*! 
in the transition from H’ ions to ft Zn—H‘ alloy, three would appear to be 
necessary for OH' (or S0 4 ') ions producing a Zn - O alloy 

Facts which need explanation arc that, whereas, below 2000 cycles the effect 
reaches a high value with a small current density, only increasing slowly as 
the current is increased, and is also independent of frequency, with a frequency 
of 11,000, the effect is far smaller, And is not disproportionately great for small 
currents. The smaller result produced by high-frequency currents may, of 
course, simply be due to insufficient time being given in the duration of a 
single pulse for even the (presumably) more mobile H atoms all to enter the 
line Another aspect of the phenomenon is that which considers to what 
VOL. CHI —A 1 
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extent a single pulse of a certain frequency cad affect the metal surface as a 
whole, A simple calculation will show that whereas one square cm, of nnc 
surface contains about 10 a 8 X 10 11 atoms of zinc, a single cathodic or anodic 
pulse of 11,000-cycle current of 00 m.a./um, 2 will only deal with About 
O'13 x 10 14 atoms, ie f will change less than one per cent of the surface. 
With 50-cycle current, on the other hand, more than a complete layer of 
atoms is dissolved or deposited, and a larger effect of low-frequency current 
would thus be anticipated 

Another view is that the H and O atoms deposited in succeeding pulses do 
not disappear as their respective gases, but mutually destroy one another 
on the reversal of current. In this case a stoichiometric excess of H over O 
atoms would be responsible for the residual negative polarisation There are 
clearly other possibilities of explanation, some of them of interest in connection 
with those theories of anodic solution which ascribe a necessary r6le to inter¬ 
mediate oxygen formation. Nothing is to be gained by discussing them further 
at this stage. 

Compound Current Pohnzatum (fig 3(a), (6 )~As the ratio of the nlternating- 
current to the direct current increases, bo the resultant current, from being 
a steady direct current, will first become a pulsating direct current, and, when 
the critical ratio AC ‘DC * 1 * has been passod. will change into an 
asymmetrical alternating current. The greater the alternating-current com¬ 
ponent, the more nearly will this asymmetrical current approach a symmetrical 
one—as far as the ratw of the coulombs in the two pulses is concerned. But 
there will always be a constant difference in coulomb figures between the pulses 
corresponding to the value of the direct-current component Over the pulsating 
direct-current range, the effect of the alternating-current superposition will 
be to lower the direct-current polarization by amounts which will be greater 
the higher the AC, D 0, ratio, and the lower the frequency. The treatment 
given by Allmand and Pun* for gold anodes in HC1 is applicable in such cases, 
and, although our actual measurements in this paper have been earned out at 
higher alternating-current densities, the trend of the ciirvee agrees with their 
deductions. 

When considering the effects of larger superposed currents, the residual 
direct-current component, and the fact that the net result of the electrolysis 
is the continual formation of a fresh zinc surface by deposition or solution, 
must be borne m mind. This aspect of the phenomena is particularly 
important when comparing the anodic compound current polarizations with 
* 'Trane. Faraday Soe,,' vol, El, p. 1 (1925). 
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the alternating-current polarizations. With an alternating-current component 
of 0-7 amp. (implying a coulomb ratio for the anodic, oompared with the 
oathodk, pulse of 0*70'0-63), the average potential, even with 50-cycle 
current, a single pulse of which practically changes the whole of the surface 
layer, is still very far removed from the potential of an electrode polarized 
with 0*7 amp. of alternating current. On the other hand, the potential of 
an electrode polarized with a cathodic compound current of the same strength 
and ot not too high a frequency, is within a few m v of the alternating-current 
electrode potential This difference in behaviour corresponds to the differences 
in nature of the electrode surface—with the excess anodic polarization, a surface 
hardly distinguishable from that resulting when using an anodic direct current 
but, with the excess cathodic polarization, n loose deposit, resembling the 
surface obtained after polarization for a sufficient time with pure alternating 
current of sufficiently high intensity and low frequency. 

The influence of frequency is interesting, and includes points which cannot 
at present be satisfactorily explained, but which are clearly of importance 
in connection with the actual mechanism of the electrode processes. The 
effects of 1950-cyole current are of this nature Whereas with alternating 
currents they cannot be distinguished from those of 50-cycle current, in the 
cathodic compound current experiments, they are distinctly leas, particularly 
at small current densities, and, in the anodic experiments, are indistinguish¬ 
able from those of 11,000 frequency The small effect of high-frequenoy 
currents is readily explicable by the fact that, whereas the net result of the 
oompound current is to deposit or dissolve Romo ten layers of zinc atoms per 
second (reckoned on the original dimensions of the zinc and assuming 10 cm 1 
to be the effective area), a single pulse, even of the largest alternating current 
of 11,000 frequency used, does not affect as much as 1 per cent of a single 
layer. 


(6) Amalgamated Electrodes in Neutral Solution 

The static potential of — 0 7 96 volt we regard aa the true equilibrium potential 
of Zn/N , ZnS0 4 , unaffected by the oxygen changes which are made possible 
in the unamalgamated electrode owing to the constraining effect of the metallic 
lattice on the mobility of the oxygen atoms In the present case, the electrode 
will simply contain minute amounts of dissolved O and H atoms in electrolytic 
equilibrium with the H' and OH' concentrations in the electrolyte. The small 
polarization effects noted on making the electrode the anode, we attribute bo 
concentration polarization in the amalgam layer, the actual process Zn + 2 0 

T 2 
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Zn" taking place reversibly at the amalgam surface. The cathodic process 
appears to be slightly retarded, this retardation becoming less as elect roly blb 
proceeds, and the amalgam surface becomes covered with crystals of zinc. 
As already noted, in one case it was only 1 m v. with a current of 
50 m.a. We suggest that, simultaneously with the Zn" ions, H 1 ions are 
discharged in small number, the H atoms formed dissolving in the mercury. 
Their rate of combination to form molecular hydrogen lags behind their rate 
of deposition, with the result that the alloy potential becomes more negative 
As the electrode becomes covered to an ever greater extent with loose sme 
Crystals, which replace the amalgam as the actual surface of ionic discharge, 
so the true current density falls, whilst an increasing fraction of the discharge 
takes place at the surface of the finely divided sine. It is considered that both 
these facta will tend to a lower H concentration m the electrode and hence to 
a lower polarization. 

For the results obtained with alternating and compound currents, we 
adopt the same views as an experimental working hypothesis In the alternat¬ 
ing-current experiments (fig. 3 (/)) there is no polarization during the anodic 
pulse. With the smaller frequencies, enough zinc is thrown out on the amal¬ 
gamated surface during the cathodic pulse to form the crystal layer referred 
to (the electrodes became a dead white in appearance), and there is consequently 
only a very small cathodic polarization With the frequency of 11,000, on 
the other hand, no change in the electrode surface was noted, and the conclusion 
drawn is that, during the very short cathodic pulse, the small amount of zinc 
deposited does not crystallize, and is simply redisaolved during the succeeding 
anodic pulse. The H atoms deposited therefore dissolve m the mercury, and 
are responsible for the net negative polarization observed. With anodtcally 
compounded current* (fig 3 (d)) the conditions are practically the same as far as 
the cathodic pulse is concerned, and we consequently have, with 11,000-cyclo 
current, but not with low-frequency currents, a negative polarization super¬ 
posed on the concentration polarization in the amaJgam due to the residual 
anodic current. With cathodioalty compounded currents (fig. 3(c)) the amalgam 
surface is being continually covered with crystals, and consequently the small 
and decreasing polarization due to the cathodic direct-current component is 
unaffected by alternating currents of any frequency 

This view of the phenomena, which is consistent with the experimental facta 
so far brought to light, will be tested further in Several ways. 



Polarization of Zinc Electrodes, 


277 


(c) Amalgamated Electrodes in Acid Solution. 

Static Potentials —In accordance with the assumption of the existence of the 
equilibrium Zn + 2 K' Z— 2H + Zn'" at the electrode-electrolyte interface, 
it is clear that the addition of free acid to the neutral zinc sulphate will have as 
effect an increase of the H concentration at the amalgam surface. According to 
our measurements, the potential remains unaffected if [H^OJ becomes IN 
This can only mean that the increases in [H ] and [H] run parallel up to this 
acidity. If, however, [HgSO|] is made 7N, then the electrode becomes more 
negative, a change which can be interpreted by assuming that the increase of 
[Hj m the electrode outstrips that of [H‘] in the electrolyte, and that these 
concentrations determine the amalgam potential (H, not Zn, will be the moat 
base constituent of the amalgam) The fact that the electrode is coated with a 
visible gas film indicates that the value of [H] is now so high that the tendency 
for the reaction 2H -► H a to take place freely is only held in check by surface 
tension forces. 

This curious rise of the negative value of the potential following the uddition 
of acid obviously needs further elucidation, and experiments will be undertaken 
to this end. After our measurements had been made, we found that Richards 
and Dunham* had noticed the same phenomenon, recording even greater 
potential changes. 

Cathodic Direct-Current Polarisation —The cause of this polarization is the 
same as that observed with neutral ZnSO a , i e f the simultaneous deposition of 
H" ions, resulting m an increase in the value of [H] in the electrode surface, and 
in the potential becoming more negative. The part taken by H' ions in the 
cathodic discharge is here, however, more important, and the effect corre¬ 
spondingly greater. The slow evolution of hydrogen is to be expected. So is 
the sudden drop in polarization on cutting off the current, as the H “ amalgam *’ 
here postulated will be unstable and rapidly decompose in accordance with the 
equation 2H H a It may be mentioned that observations of Lewis and 
Jacksonf and DunnillJ, on hydrogen over-voltage phenomena at a mercury 
electrode, make probable the existence of such transitory amalgams. 
Further, Mellorj cites a number of older papers which support this view, and, 
amongst later workers, HeyrovskyH has been led to the same conclusion, as 

• ' Jour American Chem Soc vol, 44, p- 878 (ld22), 
f ' Zelt Mr physical Cheuivol 56, p 193 (1906) 

J 'Trans Chem. Soc vol 119, p. 1081 (1021) 
s ‘ Treatise on Inorganic Chemistry,’ vol 4, p 758 (1923), 
u ' Trans. Faraday Soc-/ vol 19, p, 785 (1924). 
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opposed to the idea of any kind of hydrogen Him on the mercury surface, 
Finally, the fact that the polarization falls with time, and rapidly when zinc 
crystals appear on the surface, is explained by us in the same way as the 
corresponding drop in polarization in neutral solutions 

Anodic Dvrect’Current Polarization. —The observations made in this connection 
(fig 2) are unexpected and remArkable, as the absence of polarization effects 
would have been anticipated The electrode is assumed to be charged with 
atomic hydrogen and, according to generally accepted views, the anodic solution 
of zinc should then take place reversibly. In any case, in the more strongly 
acid solution, the zinc ib on the point of dissolving spontaneously. Further, 
although anodic solution of the unAinalgamatod metal in neutral ZnS0 4 exhibits 
considerable irreversibility, with amalgamated zinc there is only small 
polarization 

A tentative series of assumptions is necessary to account for the observed 
farts We suggest that direct ionization of hydrogen dissolved in the mercury* 
occurs with difficulty or not at all—in fact, that the H is passive The anodic 
passivity of hydrogen under other circumstances is well known, though usually 
ascribed to a different cause. It is further necessary to explain why the zino 
does not ionize readily. This we suggest may be due to mere mechanical 
hindrance, or a displacement of 2n atoms from the surface layer by H atoms. 
Ab then neither Zn hot H atoms cau ionize reveniibly, anionic discharge will 
take place to a certain extent, followed by oxygen deposition. It ia assumed 
that the oxygen formed dissolves in the mercury and reacts with the H atoms 
present, but comparatively slowly, subsequently accumulates, and that this ia 
the cause of the remarkable rise in potential observed. The removal of the 
dissolved hydrogen facilitates the direct ionization of zinc and, in addition, 
the reaction Zn + 2 H' -► 2H -j- Zn" will then take place, tending to 
restore the H concentration in the surface layer. The comparatively slow rate 
of return of the anodically polarized electrode to the static potential is ascribed 
to slow disappearance of the dissolved oxygen-' it would seem that a solution of O 
atomB m mercury (or in zinc amalgam) is more stable than a solution of H atoms. 

Experiments involving A her noting Currents - The above assumptions being 
made, a plausible mechanism for the remaining phenomena is not difficult 
to imagine. With alternating current* (fig. 3 (ft)) the anodic pulse involves 
appreciable polarization and the deposition of a little oxygen. Dunng the 
cathodic pulse, this oxygen is destroyed owing to the momentary high con¬ 
centration of deposited H atoms, the excess of which causes, in its turn, 
considerable cathodic polarization The net result is a residual negative 
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polarization of the electrodes, accompanied, at high current densities, by 
incipient evolution of hydrogen and solution of zinc, whilst the 0 atoms are 
not afforded an opportunity of accumulating in the electrode. 

With cathodic compound currents (fig 3 (h )) the phenomena differ only in 
degree. The polarizations observed are more negative, corresponding to the 
excess of the cathodic component and, at high current densities, obviously 
approach those given by pure alternating currents The result reported by 
Allmand and Pun—viz , that superposition of an alternating current on an 
amalgamated zinc cathode in acid zinc sulphate solution causes an increase 
in polarization and in the electrolysing voltage—now falls into line They 
were using electrodes of the same dimensions as we were, but a cathodic direct 
current of only 10 m a—one-fifth of our figure—whilst their alternating 
currents varied between 0*5 and 2-0 amps The polarizations they were 
measuring would then be practically alternating-current polarizations, and of 
the order of 30—40 in v , judging from our figures Their results were rather 
irregular, and were not quoted by them They are available to us, and show 
that, for frequencies between 60 and 400, the average amount by which the 
cathodic potential difference became more negative for 0 5 amp of super¬ 
posed alternating current was 16 m.v , and for 2 0 amp , 22 m v This would 
load to a direct-current cathodic polarization of about 15- 20 m.v in their 
experiments, which appears a reasonable figure (We got 60 m v with five 
times the current density.) 

\f\thaiiodicaUifcompoiuirfed current# (fig.3(</)), the same general view accounts 
for the facts. The H atoms deposited in quantity (comparatively speaking) 
during the cathodic pulse react with the oxygen (or a proportion of it) liberated 
during the anodic pulse, the result bcin to that the polarization during this 
pulse becomes less The cathodic pulse giving a negative polarization in any 
cose, the resultant offeet is that the average potential actually measured rapidly 
becomes more negative with increase in current density Eventually, the 
alt-emuting-current polarization value is approached This appears more 
slowly with anodicftlly than with cathodically compounded currents, as the 
slow increase observed in the intermediate direct-current polarization values 
shows that some of the deposited oxygen escapes reaction with the H atoms 
during the cathodic pulse 

The work described above was carried out between December, H>24, and 
December, 192G. It will be extended further, not only in respect of thoao 
points mentioned in the course of the paper, but also by means of oscillographic 
measurements. _ 
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A Method of Studying the Behaviour of X-Ray Tube*. 

By R C. Richards, M 9c., Carey Foster Laboratory, University 
College, London 

(Communicated by Prof A, W, Porter, F R.9 —Received May 1, 1920.) 

Introduction. 

A quantitative study of the radiation output from an X-ray tube, in relation 
to the voltage applied and current flowing, would appear to be important 
both from the theoretical point of view and that of designing tubes of greater 
stead mess and efficiency In thia sense, of course, the tube itself is not the 
only determining factor, the operation of the break and coil must be taken 
into account as well, and in what follows the term “ system ” will be used 
to denote coil, break and tube collectively 

There are two methods bo approach this problem, the three variables, 
current (C), voltago (V), and radiation output (I), might be measured over the 
period of n single break of the oml by, for example, an oscillographic method, 
as in the work of Taylor Jones, although a senoua difficulty arises m the 
measurement of the very Bmall quantity of radiation available for examination. 
Alternatively, one might find the average for a large number of breaks of 
instantaneous value? of these variables ; this is the method to be described 
here 

The fonner of these two methods, ignoring for a moment the difficulty of 
measuring the radiation—is obviously the only one which could be reasonably 
applied m the case of gas tubes, in which the internal conditions are continually 
varying, but even then the information gamed would not be very reliable ii^ 
extrapolation to lengthy periods of operation. The method has yielded elegant 
results in the hands of Taylor Jones* as far aa the measurement of C and V 
are concerned, but for the measurement of I a photographic method has to be 
employed with the Attendant difficulty of interpreting the “ density ” of a 
photographic image. 

For a Coolidge tube, on the other hand, an average ol instantaneous values 
is applicable, since, after it has been running for a short period, the hardness 
remains constant, provided suitable safeguards are introduced to ensure the 
constancy of the filament heating current. As will be seen, too, in this method, 
the difficulty of measuring small quantities of radiation is avoided. 

* Taylor Jones, " The Theory of the Induction Coil ” (Pitman). 
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2 . General Description of Method 

The system in the following description consists of a 10-inch induction coil, 
a rotary jet mercury interrupter, and an ordinary Coolidge tube In essence, 
all that happens is that the interrupter “ makes ” and “ breaks," producing 
voltages in the secondary of the coil, the latter of which causes a current to 
flow in the tube, producing an output of radiation This cycle is repeated 
over and over with reasonable constancy if the break is clean and smoothly 
operated. 

Suppose wa describe the process of the make and break by some such expres¬ 
sion as ict, by which is meant that at the instant l — 0, the interruption is on 
the point of “making,” and at some later instant, t = l' Bay, the process of 
4 * break ” ih first completed. Then for every value of t between 0 and l', there 
will be a corresponding instantaneous value of the following quantities, some of 
which, of course, may be zero owing to the rectifying power of the tube ■ — 

primary current, tube current (C), 

secondary voltage (V), X-ray output (I) 

The method consists in selecting a particular vnluo of t (%.e of a certain instant 
in the interruption) and for a large number of successive cycles, examining the 
corresponding instantaneous values of V, Cand I. At once it will be seen that 
the method avoids measuring small quantities of radiation, since as much 
radiation as one wants may be had by observing over a sufficiently large number 
of cycles. 

Now by altering the selected value of t, the variables may be measured again, 
and so on over the whole senes of values of t comprised in a complete discharge 
Thus we shall obtain what perhaps may be called an average instantaneous 
value of the variables in relation to the “ phase” of the break, against whirh 
they may be plotted. 

3 The Apparatus 

The experimental method is essentially stroboscopic A heavy flywheel, 
9 inches m diameter, is geared to the driving shaft of tlic mercury break, and 
rotates twice during one revolution of the latter. The flywheel is provided 
with a small radial slit near its circumference Behind the wheel is a lead box 
containing the Coolidge tube, the radiation from which escapes through a slit 
in the box and impinges normally on the rotating wheel. This radiation is 
completely stopped by the wheel at all times, except when the radial aht posses 
in front of the slit in the X-ray box. 
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Thus, only radiation escaped which is characteristic of a particular phase of 
the break, and it is received in a long ionisation chamber containing methyl 
iodide vapour, where it is measured by the usual method with a quadrant 
electrometer, by finding the rate at which the instrument charges up. 

The measurement of the instantaneous value of the voltage across the tube 
calls for special arrangements In theory it could be arranged that the rotate 
ing wheel earned contacts which connected the ends of the secondary of the 
induction coil to a measuring instrument for an instant at the identical time 
at which the X-ray beam is escaping through the radial slit into the ionisation 
chamber. Owing to the high value of the voltage, this is impracticable, and a 
means of stepping down this voltage must be employed. 

This is accomplished by a system of condensers in senes. The total voltage 
drop will be distributed in the condensers in inverse ratio to their capacities, 
and the voltage across one of these condensers can be measured by the method 
suggested above, that is, by instantaneous contact cm the flywheel and a 
quadrant electrometer, 

In order to simplify this procedure, the tube is operated with one end earthed ‘ 
the final condenser in the senes is merely the quadrant-system of the electro¬ 
meter, one pair of quadrants being earthed. The first condenser in the series, 
across which the greater part of the voltage is taken up, consists of an earthed 
metallic box (shown in section fig 1) through the opposite ends of which are 
well-insulated supports carrying carefully polished spherical balls, one of 
which is relatively closo to the earthed wall uf the box. 

The direct technical difficulty m this voltage measurement is the tendency 
of the high potential loads to “ splutter " This was overcome by heavy 
insulation, and where this was not practicable, by careful polishing and the 
elimination of points In a similar way the current flowing through the tube 
can be measured A non-inductive coil of 10,000 ohms resistance was placed 
in senes with the tube-, and leads from the ends of the resistance were led to 
a quadrant electrometer, by way of a contact on the revolving wheel, so arrongod 
that contact was made at the same instant as the X-ray beam escaped through 
the radial sht. The electrometer measured the instantaneous value of the 
potential across this coil, and provided a measure of the current flowing, 
since the cod was constructed of wire with negligible temperature-resistance 
coefficient. The coil was placed at the “ earthed ’* end of the tube for obvious 
reasons, 

It remains to show how we may obtain values for V, C and 1, corresponding 
to the several values of the break phase. The interrupter was mounted bodily 
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Q& a turn-table which could be turned about a vertical axis corresponding with 
the axis of rotation of the break spindle, The turn-table wag graduated in 
degrees, and the body of the interrupter could be clamped at any position on 
the scale If we imagine the break spindle and, consequently, the flywheel 
to be stationary in the position in which the radiation escapes through the 
radial Blit, the instantaneously measured quantities V, G and 1 will be charac¬ 
teristic of the angle <£, denoting the break phase Now, if the body of the 
break, and in consequence its contacts, be rotated through a small angle «, 
and damped, the variables in a succeeding experiment will be characteristic 
of a break phase a, according to which way the rotation took place Thus 
we can find values of V, C and I corresponding to various settings of the 
interrupter on the turn-table. 


1 nductioncoil 



4. Measuring Instrunwnti. 

For the ionisation and current measurements, Dolezalec electrometers were 
used , the potential was measured by an ordinary quadrant electrometer, of 
relatively large capacity, acting as it does as the last member in the chain of 
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aeries oondeaaen used bo step down the potential across the tube. Three 
main difficulties arise in the measurement*:— 

(i) due to induction effects from the high-tension system, 

(u) due to frictional electrification arising from the revolving flywheel, 
(in) due to insulation leakB. 

The first is overcome by very thorough shielding of all insulated leads, etc., by 
earthed shields. 

Frictional effects are inherent in the system, but can be minimised by reducing 
sliding contacts and earthing the flywheel, Imperfection m insulation was 
eliminated by tnal and error, till the electrometers, connected up to their leads 
and the contacts on the flywheel, showed no appreciable leak. 

The greatest difficulty in the experiment was to find suitable contacts, which 
M made " on the projecting points on the rotating wheel at the instant when 
the variables were examined With the flywheel rotating about 1600-2000 
times a minute, a considerable blow was given to these contacts, and they Boon 
broke off After a great deal of trouble it was found that a flexible wire, made 
of cotton thread wound over with a very thin spiral of copper, stood up to the 
wear very well, and at the same time made a reliable contact 

5. Method of Operation 

The interrupter, which was driven by an electric motor, was set in rotation, 
and with it the flywheel After a time the speed became constant. This 
constancy was determined by a stroboscopic method originally, the control 
being a reed vibrating laterally, but it was found that constancy of speed was 
very well indicated by the constancy of the current flowing in the driving motor, 
or by the pitch of the note emitted by the gearing between the break spindle 
and flywheel The observer became very sensitive to any speed variation, 
as indicated by a change in pitch of this note. The instruments were then 
examined to see if any charges were accumulating due to friction, and if this 
was satisfactory, the primary coil current was switched on. So far only small 
primary currents have been used, in the region of 3 amperes. The Goolidge 
tube was thus set in operation, And the electrometers measuring V and C at 
once show deflection The whole system was then allowed to run for fifteen 
or twenty minutes until the V and C deflections remained steady The ionisa¬ 
tion chamber and its corresponding electrometer were then thrown into the 
circuit, and provided that the particular phase at which the interrupter is 
set is suitable, the instrument will start to charge up, the rate of charging being 
determined by the rate at which the spot of light reflected from the mirror on 
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the needle patted over a transparent scale. When a satisfactory series of vaJutt 
of this rate Had been obtained, the deflections of the instruments measuring 
C and V were read, thus giving the values of C, V and I for their particular 
setting of the break. 

Without disturbing the apparatus, the break was moved forward a degree 
on the turn-table, and the above process repeated again and again till the period 
of the break had been passed When this happens, the ionisation and current 
values drop to zero, but the voltage generally indicates considerably higher 
values than during the conducting part of the cycle, owing to the inverse 
voltage on make, and the lack of any conduction w the tube. 

6 Tube Control 

In order to keep sufficient control over the heating current in the filament 
of the tube, two rheostats, one a high resistance one, were used in parallel, and 
a sensitive ammeter was placed in the circuit The filament end of the tube was 
earthed, and the 12-volt battery supplying the heating current carefully 
insulated, so that no tube current got to earth via the batteries, instead of 
flowing through the measuring coil. 

During the operation of the apparatus strict watch was kept oil the ammeter 
mentioned above, and if necessary the rheostat was touched from time to time 
to restore the filament current to the chosen value. The whole system is very 
sensitive to any variation in this heating current 

7. Contact Adjustment 

Extreme importance must be attached to the adjustment of the contacts 
made once per revolution of the flywheel, connecting the current and voltage 
electrometers into the system These contacts must be adjusted so as to operate 
at the exact moment at which the radial slit transmits radiAtion into the 
ionisation chamber 

Tn ordfer to test a particular setting of the contacts, the wheel was turned 
until its projecting points were just touching both pane of the external contacts, 
and a piece of bromide paper wag placed behind the radial sht, on the side of 
the flywheel remote from the X-ray tube. The filament of the tube was then 
heated to whiteness by a current, and the light was reflected from the anode 
through the Blit in the lead box on to the surface of the wheel If now the 
contacts are correctly set, the light will pass through the radial slit and produce 
a latent image on the bromide paper. Adjustment was earned on until a clear 
image was produced on the paper, with the flywheel set so as to give contact 
with the current and potential measuring instruments, 
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6 Experimental Rebuke 

Following the method of section fl above, taits were earned out to determine 
the manner in which I, C and V varied dunng a complete break, 

In the first experiment here recorded, only two of the variables, namely, 
ionisation output and potential difference, are recorded (fig. 2), 

The Ant point which is noticed in this graph is that the break of the iomaation 
curve does not correspond with that of the voltage curve, It is this important 
point which led to the careful photographic method of adjusting the contacts. 
So far as can be examined, the phase difference indicated here is purely instru¬ 
mental, and, as is seen in subsequent graphs^ it disappears with rigorous 
adjustment by the method indicated. This graph also shows the inverse 
potential, produced at make This nscs to a high value owing to the fact 
that the tube is non-conducting for this particular part of the cycle 



This curve, which was one of the first to be obtained when the initial difficulties 
of the method were overcome, is included chiefly to show the inverse potential 
Conditions inside a rotary mercury break must necessarily depart very 
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considerably from the simple make-and-break conception, which leads to the 
conclusion that the “ make ” potential will be small compared with that at 
break An arc at 11 break " may have a relatively low resistance, such as 
would render the rate of fall of primary current not greatly different from its 
rate of rise on completing the circuit This view seems to derive support 
from this curve 

Fig 3 represents the type of curve which is obtained by the method described, 
when rigid phase adjustment is earned out. It is plotted only over that part 
of the cycle during which the tube is conductive. 



9 General Obaei votwns 

Stress must be laid on the point that these resulls are of a preliminary 
nature, and are quoted in order to show that the method described above is 
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an effective one. With this reservation, however, we can make a few general 
observations The curves in fig. 3, which are typical, show that there is little, 
if any, difference of phase between the variables C, V and I- It m possible, 
however, that inductance and capacity effects balance one another, with the 
system arranged as at present. It is the subject of future work to test this 
question of phase in greater detail. 

Another noticeable feature is that the ionisation output is concentrated in a 
narrow region coinciding with the current and potential maximum Seven or 
eight degrees of a break cycle are alone fruitful in producing radiation , in a 
break provided with four contacts, therefore, only about one-tenth of the time 
of operation is spent in producing reasonable quantities of X radiation This 
observation is in agreement with one of Taylor Jones, as shown by the photo¬ 
graphic method, in which he showed a darkening of the photographic plate 
just underneath the secondary potential break, not extending to any great 
distance on either side of the central line.* This radiation, it must be remem¬ 
bered, is the actual radiation detected in the ionisation chamber, and aa such 
is subject to various influences, so that its relation to the observed values of 
C and V may be obscure, or, at least, very complicated. Mention may be made 
of absorption at the wall of the tube and the aluminium window of the ionisation, 
chamber as two of these disturbing effect* What the curves do show is the 
extent of useful radiation, in relation to C and V, in a qualitative fashion. 

The X-ray tube was operated on an alternative spark gap of 12 cms. between 
points in such a way that the secondary potential is m the neighbourhood of 
80 kilovolts. The anti-cathode of the tube is of tungsten, wliich requires 
bombardment by cathode rays which have fallen through a potential drop of 
13 kilovolts to produce the characteristic L radiation and 95 kilovolts to prodbee 
its K radiation t It follows, therefore, that our particular system will, in 
addition to producing white radiation throughout the cycle, give tungsten 
L radiation for parte of the cycle in which the voltage is greater than 13 kilo¬ 
volts This will have the effect of concentrating the observed, or useful, 
radiation into a peak, as shown by the graphs. 

The writer desires to express his indebtedness to Prof. A W Porter, F.R 8., 
for suggesting this line of work and for his continued help and advice ; to the 
Royal Society for a grant to enable the purchase of apparatus ; and to 
Mr Stephen Northeast, B Sc, formerly of this Laboratory, who designed the 
step-down condenser used in the potential measurement, and was closely 
associated with the preliminary stages of the work. 

* Taylor Jones, ibid , p 159 
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Tensile Tests of Large Gold, Silver and Copper Crystals 
By C. P. Elam, D.Sc. (Armourer's and Blasters Research Fellow). 

(Communicated by Prof H. C H Carpenter, F R 8 —Received July fl, 1926 ) 

Large crystals of a number of metals have been made by Bridgman* 
by slowly lowering a tube containing the metal through a furnace so that it 
cools from one end. By using a graphite tube Daveyf succeeded in making 
copper crystals by this method. lie obtain ml crystals over six inches long 
and up to nearly one inch in diameter. 

The present paper describes some tensile tests on gold, silver and copper 
crystals which have been made by tins method Rods of the metal were melted 
in graphite tubes 0 25 inch diameter and 10 inches long, tapered at one end 
These were slowly lowered by clockwork through a platinum-womul electric 
tube furnace, the middle portion of which was maintained at 100° C. above 
the melting-point of the metal Nitrogen was passed slowly through (he tube 
to prevent oxidation. In some cases the whole rod (about eight inches long) 
consisted of one crystal. It does not seem to be essential that the graphite 
tube should be tapered, as it was sometimes found that a crystal growing from 
the point Btopped a short distance up the rod, and that a new crystal beginning 
here occupied the whole cross-section of the rod for the length that remained 

The crystals were free from blow holes if prepared in this way, but if rods 
of the metal were melted in the tubes and allowed to cool down with the furnace 
they were frequently very unSound This occurred even when the metal was 
melted in vaeuo, and, in fact, a copper rod melted three tunes in vacuo still 
contained large blow holes Apart from this, cooling started from both ends, 
with the result that the rod consisted of two or more crystals, with uusoundnesB 
m the middle. 

Great care is required in removing the crystals from the tubes to avoid 
bending The boro of the tubes was not always uniform, and slight irregularities 
in the surface were filled by the molten metal, which, when solidified, prevented 
the rod from slipping out easily. On one occasion, in pulling a lube off a gold 
crystal, the whole crystal was twisted into a Rpiral showing three complete 
turns. The spiral only made its appearance on etching, the rod appearing 

* 1 Proo. Amu. AnuL Seivol. 60, Nob. 6, 7 and 8. 
f ' Fhyi. Rev.,' vol. 20 (February, 1920). 
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quite normal when extracted from the tube. The crystals of all three metals 
required groat care in handling. 

Tho gold was kindly furnished by the Goldsmith's Company, through the 
courtesy of Mr Prideaux, The silver wos the purest available assay silver 
The copper, in the form of rod made from electrolytic copper, was kindly given 
by the Broughton Copper Comimny, and after reinciting in nitrogen was 
almost entirely frer from oxide 

Tho orientations of the crystals were determined by means of X-rays. 
Davey* has stated that a cubic axis was always parallel to the axis of the 
cylinder in copper crystals, and Bridgmanf also noticed that certain directions 
wore favoured, and concluded that the growth of the crystal was easier in some 
directions than others A diagram illustrating the position of the axis of the 
rod, relative to the pimeipal crystal axes of eight copper crystals, is given in 
fig 1 This represents part of a stcreograpKic diagram of a cubic crystal, the 
dots in the triangle being the positions of the axes of the rods of the various 
crystals. A full description of this diagram and the means of using it has 
been described already J According to Davey the points should be near the 
pole of the (010) plane No crystals of copper, silver or gold have so far 
been obtained in this position Actually the orientations vary considerably, 
fts tins and subsequent diagrams show 

Tensile, tests were earned out with thpse crystals and the crystal axes 
determined at each stage. As it was impossible to machine them there were 
small variations in tho cross-section, and often the rod was sightly tapered. 
Sometimes these irregularities increased as the test proceeded ; sometimes the 
rods became more uniform Errors due to this cause show in the X-ray 
measurements, as the extension, measured over two inches, included regions 
which were sometimes more and sometimes leas than the average, with 
corresponding variations in the positions of the crystal axes. 

The rods became elliptical on stretching, showing the lens-shaped figure 
found in aluminium and breaking with a double-wedge fracture. Blip-bands 
were observed on all the crystals They were more noticeable during the early 
Stages of extension, and tended to become almost obliterated later One set 
of planes was usually observed until near the end of the test, when two rets 
were visible No attempt was made to measure the position of the planes, 


* Lot ci/. 

t hoe. oii. 

X Taylor and Elam, 1 Roy. Soo, Proa ’ A, voL 109. 
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owing to the roughness of the surface and to the fact that they were not dearly 
marked all round the specimens 

Copper, silver and gold resemble aluminium in that their crystals have a fare- 
centred cubic lattice It is therefore to be expected that they should show 
the same typo of distortion in tension The; process of distoition of aluminium 
crystals is now well known, and it has been shown that it is due to slip on an 
octahedral (111) plane in the direction of the pole of one of the three (110) 
planes *f It was also shown* how the slip-plane and direction of slip could be 
predicted from the position of the axis of the test-piece relative Lo the crystal 
axes. If, therefore, it can be shown that the axis of the U*st-pieui changes in 
respect to the crystal axes in the gold, silver and copper crystals, in the same 
way as was found for aluminium, the conclusion can be drawn that the distortion 
is all of the same typo, although no distortion measurements are made. This 
can best be shown by means of diagrams. By me method previously des< nbed 
the positions of the axis of the test-piece in reference to the crystal axes is 
plotted for each extension on the stereographic diagram. Tart of this diagram 
showing the point* in shown in figs 2, 3, 5 and 6, which refer to one gold 

crystal, two silver crystals, and two copper crystals respectively The figures 
refer to the elongation per cent, on two inches of the original < rystal Tho 
diagranu Bhow that, as in the case of aluminium, the points lie \ery nearly 
on a great circle (drawn in dotted lines), through the original point, i e the 
hub with 0 extension, and the pole of the (110) plane. Until this line cuts 
the great circle through the poles of the (010) and (111) planes At this 
point two octahedral planes make equal angles with tho axis, and it was 
shown previously that slip then occurs on both planes, the axis now moving 
along this line towards the pole of the (121) plane The diagrams all show 
a tendency for the ana to move in this direction Irregularities in the 
rods have already been mentioned as probable sources of error which may 
cause tho points to bo ofl the line. Other errors occur in the measurements 
of the extensions, in the X-ray measurements, and also m the possibility 
that the loading of the testing pieces was nut axial The mam direction 
of tho movement of the axes resembles that found for aluminium so closely 
that there is every reason to suppose that the distortion of these meLal 
crystals is actually of the same character Fig. 6 is particularly interesting. 
The crystal axes of this copper crystal were in such a poaition that double- 
sltpping should occur from the beginning of the test, and ay it was very close 

* Taylor and Elam, * lloy. Sot>, Prod A, vol 10a 

f Taylor aud Elam, ‘ Koy, 9?^ pp>o ,' A, yob 102, 
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to the pole pf the (121) plane, very little movement of the test-piece axis was 
to be expected. The diagram shows that the position of the axis remained 
practically unaltered throughout the extension A similar crystal of aluminium 
showed the same result.* 

In Table I the inclinations of the Blip-planes are given, and it will be seen 
that these all tend to roach the same value as in aluminium The limiting 
value should be 61° 52". 


Tabic I. 



, 

Load 

Area 


n 

, 

8 




Ibo 

inches 


/ 

Q 


lbs nq mu 

Gold . 

1 00 

— 

0 0601 

40 

50 

H 

40 

_ 



-10 

Z4B 

0 0450 

53 

40 

0 

40 

2,570 



20 

379 

0 041B 

55 

50 

5 

0 

4,195 



30 

433 

0 0185 

00 

40 

0 

40 

5,125 



40 

478 

0 0350 

00 

0 

J 

10 

5,700 



00 

400 

0 0342 

01 

30 

3 

10 

6,000 



60 

500 

0 0329 

00 

50 

4 

20 

0,406 

SUnrll . 

1 00 

— 

0 0504 

48 

30 

15 

20 

_ 



10 

105 

0 0455 

62 

40 

12 

40 

1,090 



20 

JOB 

0 0418 

56 

30 

12 

40 

2,150 



30 

338 

0 0380 

58 

0 

12 

0 

3.B50 



40 

433 

0 0303 

00 

30 

11 

0 

5,495 



00 

557 

0 0340 

01 

20 

10 

0 

0,645 



SO 

009 

0 0310 

02 

30 

12 

40 

7,540 

Silver III 


00 


0 0402 

40 

13 

4 

20 

_ 



10 

05 

0 0452 

44 

13 

4 

0 

1,051 



20 

144 

0 0414 

50 

30 

3 

20 

1,702 



30 

248 

0 0383 

54 

65 

1 

50 

3,450 



40 

353 

0 0355 

5H 

40 

4 

0 

4,405 



50 

044 

0 0346 

50 

30 

4 

0 

0,846 

Copper XI 


00 

—. 

0 0402 

42 

03 

18 

0 

_ 



10 

287 

0 0447 

47 

0 

12 

10 

3.230 



20 

1183 

0 0373 

55 

.40 

10 

0 

8,430 



SO 

704 

0 0341 

56 

40 

1U 

0 

10,250 



40 

815 

0 0317 

58 

40 

10 

40 

11,200 



02 

867 

0 0278 

03 

2o 

N 

40 

12,220 

Copper X 


00 

_ 

0 0400 

02 

0 

0 

0 

_ 



■10 

512 

0 0460 

- 

- 

- 

- 

4,555 



20 

810 

0 0300 

- 

- 

— 

8,325 



30 

934 

0 0370 

- 


- 

- 

10,380 



40 

970 

0 0327 

- 



- 

12,270 



50 

087 

0 0208 

- 

- 

_ 

” 

— 

13,580 


The load required to stretch the crystals at each stage, and the cross-sections 
were measured. The slip-plane and direction of slip were deduced and the 


Loo. cU.. No. 24, flg. D, p. 44. 
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tangential component of shear stress calculated for each extension. This n 
given by the formula— 

S = T/A (cos 0, sin 0, cos 7]) 
where T = total load, 

A — cross-sectional area, 

' 0 angle between the normal of the slip-plane and the axis of the 

test-piece, 

vj _ angle between direction of slip and the direction of maiqtniim 
slope of the slip-plane. 

Table I gives the measurements and values calculated for S in lbs. per square 
inches In tig 7 these arc plotted against tho ratio of the extended to the 



initial length of the specimens, a. All of the crystals were extended until 
they began to neck, so that tho final figure represents approximately the 
shear stress at fracture. A curve obtained from an aluminium crystal is 



Gold » Silver and Copper Ch'yMals 


295 


included {or comparison. Tins is taken from the previous paper, where other 
curves and figures for aluminium are given * 

It ie interesting to note that, although the aluminium hardens more rapidly 
at first than gold or silver, it finally becomes the weakest and is passed by both 
gold and silver, Similarly the gold begins by being stronger than the silver, 
but in the final stages of the teats this order is reversed, It will be seen on 
reference to figs, 5 and 6 that copper crystal No X began straight away to 
slip on two planes, while No. XI only began double-Blipplng between 30 and 
40 per cent. The curve of the former is smooth, whereas that of the latter 
shows a sharp change of direction at about this point Similar breaks in the 
curves for the other metalB have not been observed. 

The shapes of the curves for the four metals are entirely different, although 
the distortion is of the same type If the hardening were due solely to bending 
and breaking up of the crystal during the process of slipping, it would be 
expected that the curves would have a similar shape Those of the two copper 
crystals and the two silver crystals are nearly parallel, and it was found that 
all the crystals of aluminium showed approximately the same values for the 
same extensions. Therefore the differences observed must be considered as 
being due to specific properties of the several metals. 

It might be suggested that this effect is due bo the influence of impurities. 
That such is not the case, however, is evident from the fact that the gold, 
silver and copper are of a high degree of purity, while the aluminium is relatively 
impure. (The aluminium contains 0 -2 per cent iron and 0 2 per oeut. silicon.) 

A few of the properties of these metals most likely to influence the mechanical 
properties are compared in Table II. The dimensions of the spaoe-lattices of 


Table II. 


— 

Gold. 

Stiver 

Coppar. 

Aluminium. 

Mai ting’point 

1,004° C 

060" C 

1,084“ C. 

639° C 

Atomic weight 

107 2 

107 Bft 

03 57 

27 1 

Densltyf 

10 31 

1001 

3 052 

2 083 

Side of elementary cube In “ Angetrttm " 





UnlUt 

4 00 

4 00 

3 00 

4 01 

1 


VOL. CXIL-—A. 


* Luci i if, 

f Lad dolt and Bdnutein. 

% Bragg, ‘ I-ny» and Cryital Structure.' 


X 
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gold, silver and aluminium are almost identical, while the value for cropper is 
considerably lower The o£her properties do not appear to bear any relation 
to the mechanical properties, It is impossible to draw any conclusions from 
these observations in the present Btate of our knowledge, bub it is significant 
that the metal whose atoms are nearest together shows a greater proportional 
increase in hardness on deformation. 

My thanks are due to Prof. H C H Carpenter, F.H.S , and to Prof. G. I. 
Taylor, F.R 3, for advice during the course of this work, and to Prof W. E, 
Dal by, F.R 3., for his kindness in allowing me the use of a testing machine in 
the City and Guilds Engineering College. 


The Absorption of Oases by Charcoal —I. 

By R Angus Smith, Ph D , F R.S. 

(Received December 27, 1862 —Read January 29, 1863 ) 

[In June, 1920, the Council of the Royal Society considered an application 
from Mr S Lenher for permission to print certain parts of Dr. R A, Smith’s 
paper on “ The Absorption of Gases by Charcoal ” on Account of their historical 
interest. The paper had been formally read before the Society in January, 
1863, but, acting on the advice of a referee. Council had published only 
a summary of the paper ('Proceedings/ vol 12, p 424 (1863) ), con¬ 
signing the main manuscript to the Archives Mr, Lenher wrote that 
" Dr Smith's paper is of such historical importance for adsorption work that 
the printing of a considerable part of the original is now warranted,” and 
suggested publishing the material from Dr Smith's paper in the form of 
an historical note. Council felt that if the paper were to be published at all, 
it should appear in their own 1 Proceedings/ for which it had been originally 
submitted in ]862. Prof, Donnan and Mr Lenher accordingly selected such 
parts as seemed to them moot suitable for publication, and these appear 
herewith, followed by a short note by Mr. Lenher 
An examination of the original manuscript of the paper makes it clear that 
it was hardly suited for publication in the form in which it was submitted No 
attempt was made to tabulate or summarize the results of the different groups 
of experiments, and the manuscript looks rather like a laboratory note-book. 
One of the experts to whom the paper had been referred spoke of the experi¬ 
ments as being “ presented in a crude form which is far from attractive/' and 
continued “ The theoretical deductions at the end of the paper possess more 
interest, although rather vague and general; but they are borne down by the 
heavy matter with which they are associated ” Doubtless it was this report 
which led Council originally to print only the summary with which the 
original paper ended.' -J H J.] 
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Absorption of Oases by Charcoal. 

11 . . , I tad several reasons for beginning these experiments. Some 

years ago I had given general opinions on the oxidizing powers of porous bodies, 
and had made some experiments obtaining interesting results I was therefore 
desirous of knowing the details more fully. I had reason also to consider the 
subject of the purification of liquids, and I believed that the study could only be 
prosecuted by beginning with the rudimentary actions of the substances 
employed. Thirdly, I have had still more occasion to consider the purification 
of air and the peculiar action of charcoal on some gases and vapours which are 
found to be noxious or disagreeable 

“ I have paid little attention to the absolute quantity of gas absorbed, 
believing that enough had been done on this part of the subject; for the same 
reason I have neglected the nature of the wood , beech and oak were used 
indifferently, and the hardest were found to be the most active . 

Charooal arid Atmospheric Air , 

u Tbe mode of experimenting was that adopted by others and actually 
suggested by the circumstances of the case The charcoal was heated to redness 
bo the very centre, and when in this state Was plunged instantly under mercury. 
It must not be allowed to reappear on the surface, but must be transferred at 
once to the eudiometer. The charcoal becomes very heavy, being thoroughly 
penetrated with mercury . . Tubes for absorption were from one-half 

to three-quarters of an inch m diameter. The pieces of charcoal were one and 
one-half inches in length and about one-half inch in diameter. I give only a 
few results among many down. . . ” [Four experiments are chosen from 

a considerable number recorded in the original MS ] 


Volume of air used, 

Volume after 
absorption 

Volume of gaa 
a ban r bed 

No 

1. 

“ 30 {46 I8N 

„ f 0 06 0 

37 09 \ 87 93 N 

12 12 

0 06 

No 

0 

W> HB | 63 70 N 

HA vi J 0 740 

64 ^toa TflN 

16 00 

0 00 

No 

7 

nun / 23 02 0 

110 0 \0l OS N 

7a n ,f 3 70 O 

73 03 1 as 40 N 

10 36 

22 BS 

No. 

0. 

W87 \M‘»IN 

4Q 0 00 0 

42 30 \ 42’36 N 

16 76 

21 Bfl 


a 


" These experiments were repeated until the results became familiar . . . 

11 Finding that charcoal absorbed oxygen rapidly, leaving nitrogen untouched, 

x 2 
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I expected to obtain a constant stream of the former by alternate heating and 
cooling. I found that I could obtain little else than carbonic acid The rapidity 
with which some charcoal absorbs oxygen 1 b marvellous In this we see readily 
the cause of He spontaneous combustion The rapid condensation of the gas 
itself produces heat which, if retained as has been shewn to be the case in 
great aggregations of charcoal, increases until combination takes place. This 
combination, however, seems to take place without the aid of this Accumulated 
heat and certainly as low as the boiling point of water. 

“ The absorption of oxygen is not merely the tilling up of the pores craving 
by tbeir emptiness a supply of particles bub it is caused by a power capable of 
making a selection, removing all the oxygen from the air, even ejecting the 
nitrogen from the pores of the charcoal to make room for the gas more readily 
condensible, and most readily absorbed, The absorption seems not to be in 
relation to the specific gravity of the gas, as I always find that hydrogen expels 
nitrogen. We know nothing of the condensibility by mere pressure of oxygen, 
nitrogen arid hydrogen so as to make a comparison. . ” 

Oxygen on Charcoal . 

[Tables given for the absorption of hydrogen, carbonic acid, and oxygen on 
charcoal over a period of a month.] “ In these experiments we find that hydro¬ 
gen is not absorbed by charcoal except for a very short time . The numbers 
shew an amount of gas almost constant during the whole period, and leading 
us to conclude that so little is hydrogen inclined to condense in the pores of the 
charcoal that even with some increase of pressure there was no tendency. On 
the other hand, a diminution of temperature has a certain marked effect in 
causing condensation . ” 

Displacement of Nitrogen m Charcoal 

“ The displacement of nitrogen in charcoal by other gases was very con¬ 
spicuous } nearly all the charcoal even after being heated and plunged into 
mercury still contained this gas, but when surrounded with an atmosphere of 
oxygen the nitrogen was removed and the oxygen took its place 

“ When the charcoal containing nitrogen was introduced into any gas, the 
nitrogen might reasonably be expected to mix with the external gas, either until 
a homogeneous mixture was made or until a mixture took place depending on the 
amount and specific gravity of each gas as is the case over liquids The 
first does not take place, as I have shewn by proving the elective action of ohar- 
ooal when oxygen is present, nor does the second occur as a main result, although 
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I think it probable that it will occur as a secondary action after the counter¬ 
balancing part oi the attraction has been satisfied The amount of attraction 
for the gas diminishing outwards from the surface of the charcoal, a time will 
come when it will be no greater than the amount of its solubility in water or its 
divisibility in air or other gas Still, the first apparent result is very different 
from anything here imagined When the charcoal containing nitrogen is put 
into tony other gas the nitrogen flows out If the gas in the tube be rapidly 
absorbed, the flow of nitrogen is not observed, but if the gas be hydrogen and the 
charcoal not very absorbent, there will be a flow of nitrogen out of the charcoal 
so ins gradually to lower the mercury below the external level The same 
occurs with other gases and nitrogen according to the qualities of the charcoal 
When this action is finished the absorbing action is again observed on the 
remaining gas by the rise of mercury and at last even on the ejected nitrogen 
itself 

“ If the charcoal be previously saturated with a gas such as nitrogen or hydro¬ 
gen, the amount which escapes on passing it into another gas is very great. 
It requires no diminution of pressure to remove it but the pressure only of 
another gas which will cause it to flow out against pressure and with so much 
force that the mercury in the tube has been depressed about three-quarters of an 
moh below the outside level. After suffering this depression the absorption 
begins to be apparent. 

" We may suppose either that the gas in the charcoal is given out before 
the absorption of the external gas begins or that it i s given out more rapidly 
than the rate of absorption. With a greater pressure and without a membrane 
we have one gas flowing into another with such a force as to depress the 
mercury more than the atmosphere, recalling to mind the saying of Dalton 
to explain diffusion, that one gas acts as a vacuum to another. And thus is 
practically true to some extent 

" This same gas will not entirely leave the charcoal even in a vacuum , 
m those cases, however, where there is a depression of the inside mercury, 
the gas in the charcoal was so great that much of it would have left readily 
on a diminution of the pressure. We see then that the pressure of another 
gas acted exactly like a diminution of pressure. . . 
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Table.—[A Summary of the Data given by the Author,] 


Giu with which the charcoal 

Oaf) Into which the charcoal 

vu originally saturated 

vu introduced. 

Nitrogen 

Oxygen 

Hydrogen 

Hydrogen. 

Carbonic acid. 

Oxygen 

Carbonic acid 

p 

Nitrogen. 

Carbonic acid. 

Oxygen 

Hydrogen 


Nitrogen 

Oxygen 

Hydrogen, 

Carbonic acid 

■■ 

Nitrogen 


Theoretical Consideration*. 

“ We are obliged to view chemical union as the most complete case of contact 
known to us And as yet the subject is not without ite difficulties, and experi¬ 
ments occasionally suggest doubts. Dr. Andrews found that 1600 atmospheres 
did not render oxygen a liquid, and Vatterer epeaki of 3600, and yet at less 
specific gravity it comes before us in many compounds in a condensed state. 
We may view the atoms or molecules of a gas as separate or independent, 
refusing contact with each other until affinity begins to act The first result 
will be a close contact; this we have been accustomed to call physical only 
and to look on as cohesion, but there are grades of this contact; one substance 
holds and is held more powerfully than another Platinum finely divided 
retains oxygen powerfully. Silica finely divided retains oxygen less powerfully 
and iron seizes it wjth such force that if the division be fine enough the physical 
boundary is rapidly passed and chemical affinity results in chemical union. 
But in what way can we separate the action of affinity resulting in manifest 
combination from the action which tends to retain the oxygen in the pores 
of the powdered metal ? The tendency to unite is begun by the tendency to 
remain in firm physical contact. 

" If the distance of atoms be at the smallest when they are in a state of 
chemical union, then chemical affinity arts at distances greater than those 
between the atoms chemically united, This then leads us to conclude that a 
force acts beyond the boundary of the atom itself If the atoms are nearer 
after combination, force must pass between them causing them to combine. 
And at what distance does this force act ? (TWfl phrase will be objected to, 
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but the objections must come from other grounds than any known to me before 
1 can pay much attention to them I do not know what a force is and can 
find no teacher, and by changing its name 1 feel no wiser.) 

“ The distance at which chemical affinity first manifests itself is not a smaller 
one than ordinary physical contact. Bodies to unite chemically are brought 
into ordinary physical contact. Is this always the Bame or are there 
variations in the closeness of contact ? When charcoal is put in a tube of air 
over mercury the air is absorbed ; more is absorbed when the pressure is 
great. If by removing the pressure of the atmosphere, the whole air were 
extracted, we might be inclined to give little heed to the force exerted, but this 
extraction does not take place. 

“ Let us suppose that on the entrance of the oxygen into the pores of the 
charcoal the surface is covered with a coating of gas disposed in thin layers 
of atoms or molecule When this attraction is satisfied and force is still 
exerted beyond this thin layer, there will be a second layer formed, but it will be 
held with less power, being farther distant from the charcoal than the first 
layer Afterwards a third layer will be formed, and so on In this way there 
will be a succession of layers of oxygen each held by a different amount of 
affinity. Now this appears to me to agree thus far with the farts of the 
case. 

M There would also be a tendency to unite the first layer of oxygen with the 
carbon. It is extremely probable that the affinity of every layer would con¬ 
tribute towards compelling the carbon to unite with the nearest particles of 
oxygen, beoauBo the affinity appears to stretch through a certain number of 
layers of oxygen This will give a reason why pure oxygen should act more 
rapidly than when mixed with another gas, besides the fact of a larger 
surface being exposed- 

" If there were only one layer there would be an equal attraction over all 
the surface and there would be no reason why one portion of the gas should be 
removed by removal of pressure more than another A succession of layers is 
indispensable and as a consequence a continuation of affinity or rather attrac¬ 
tion through them, or, in other words, at distances greater than those which form 
chemical combination and also at various stages of ^stances It is extremely 
probable that these stages are exactly in proportion to the size of the molecule, 
that there is not a stage at any pressure we choose to assume but a aeries of 
steps as distinct as atomic weights and depending on the same cause If we 
could measure these steps by fine measurements of pressure we could measure 
the siee of atoms The atom I speak of may more properly be called a molecule, 
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but it ie fin atom to us, not m the sense of a thing that cannot be divided but 
of one that w not divided by any of our operation* The chemistry of bodies 
smaller than Dalton's atoms is yet to come 

" If there be an attraction at the surface of bodies or in porous bodies closely 
resembling the affinity called chemical on the one side and that called physical 
on the other, we may expect that it will be elective a* chemical affinity is and 
have the faculty of choosing from various substances in preference to others 
Accordingly, when we introduce aitivc charcoal into common air the oxygen 
la taken up first and afterwards if the charcoal is capable of taking up more gas 
it absorbs the nitrogen This chon e ie very strikingly shewn when the charcoal 
contains nitrogen, as it almost always docs , not only h the oxygen taken up 
but the nitrogen is expelled The same takes place when hydrogen is used, the 
hydrogen is absorbed, although to a smaller extent, and the nitrogen is expelled- 
Ilere lie may have chemical affinity acting in a manner which wo are accustomed 
to call phvwu al it is chemical affinity at distances greater than we have been 
accustomed to, it is also ihemical affinity active as an agent between bodies 
which do not combine, shewing a wider interrelation and dependence of 
substances than we have hitherto recognized 

“ But may wo not view the chemical and the physical as at this point one 
I call it phvsital because combination is not produced, 1 call it chemical because 
election is made. This elective nature may however entirely depend on the 
compressibility of the gases as wo find that carbonic acid is very much compressed 
and condensed . When charcoal is saturated with meroury and is thpn 

moistened with waler or dipt into it, the men ury is instantly driven out, water 
taking itft place How far combined oxygen may bo inclined to exercise its 
affinities w r edo not know', all we know is that its capacity for combining farther 
is bounded w r e ha\e only to believe that the capacity for uniting and the 
inclination to unite are different and the matter becomes clearer 

“ In this view of the case when there is a condensation of volume or an 
attraction shewn by compression or otherwise, we cannot separate the terms 
chemical and physical The term chemical commences when a true union is 
formed The two attractions are one, however, in quality To illustrate this, 
charcoal may have an attraction for oxygen when the oxygen is in a state of 
combination with carbon, but it cannot combine simply because combination 
has already taken place on the part of the oxygen We have somewhat con¬ 
founded attraction, affinity, and combination. I see only one attraction which 
is both chemical and physical, resulting in chemical combination when oppor¬ 
tunities are fitting The action of mass is readily explained by this mode of 
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representation, but this is scarcely a place for giving more than a brief account 
of ideas which [ hope more fully to elaborate ” 

Note -An editor’s footnote in a paper by John Hunter (‘ Jour ('hem Soc 
vol 18, p 285 (1865)) calls attention to the work of R. Angus Smith on the 
absorption of gases by charcoal (‘ Roy Soc Prot vol 12, p 424 (1863)) The 
paper in the Proceedings of the Royal Society is merely a short abstract of a 
paper which Dr Smith read before the Royal Society on January 29, 1863 , 
but brief as it is the account seemed of such historical importance that a perusal 
of the original manuscript was warranted. A study of Dr Smith’s original 
paper in the Archives of the Royal Society (a document of some 38 pages of 
experiments, tables, and theoretical considerations) confirmed the belief 
that attention should be drawn to thiH excellent and much neglected work 
No mention of the early work of Dr Smith is made in the literature of adsorption 
and absorption after the footnote in Hunter’s paper of 18G5 

Bancroft (‘ Applied Coll old Chemistry ’ (1921)) remarks on some of the later 
Work of Smith (‘ Report of the Brit Ass for the Adv. Science/ Norwich, 
1868, Abstracts, p 44 , ‘ Ckein News/ vol 18, p 21 (1H68) , ‘ Roy Soc Pro* 
vol 28, p 22 (1879)) which is of little value at present , and until this time Dr 
Smith’s pioneer work in adsorption has been forgotten and neglected Dr 
Smith's experiments and conclusions arc of such excellence, showing as they do 
how far ahead of his contemporaries he was in the field of adsorption, that a 
fuller rendering of the material in lus paper seems justified S Lenher 
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A Comparison of the Records from British Magnetic Stations 
Underground and Surface. 

By C Three, Se D , LL D , F R 8 , and R. E Watson, B 8c. 

(Received June 16, 1920 ) 

§ 1 During nearly mix years ft weekly statement. of 2-hourly declination 
values was issued from Kew Observatory for the benefit of mining engineers 
This helped to bring to the front the question of how far data from an observa¬ 
tory in the 8 E of England apply to the British coalfields So far as we know, 
the only previous investigation in which continuous records wrre obtained 
from neighbouring underground and surface magnetographs was earned out m 
1906 near Dortmund, in Germany In a short preliminary account, Prof. 
Ad. Sehmult," of Potsdam stated that only trifling differences had been observed 
between the surface and underground stations, and that doubts existed as to 
whether their cause was natural or artificial No further discussion seems to 
have been published 

In 1920 the question of special observations in a mine was raised by Mr. 
T G Booking, M I Min E , of Birmingham, and this led eventually to the 
present investigation The scheme having been approved by the Director of 
the Meteorological Office Mr Bocking secured the co-operation of Mr II W 
Hughes, General Manager of the Diamond Jubilee Pit at the Sand well Park 
Colliery, West Bromwich (52° 5 N lat), and accommodation was provided for 
magnetographs Two old eye-reading declinometers in stock at Krvr Observa¬ 
tory were transformed into magnetographs by Mr R E Watson, and some 
changes wire made to a Krogness H (horizontal force) lrmgnetograph to render 
it more sensitive Messrs Bailey, of Birmingham, a firm of mining engineers 
m which Mr Bocking is a partner, kindly arranged that ihc immediate charge 
of the instruments should be undertaken by Mr S W Howarth, one of their 
assistant surveyors, and they afforded facilities at their office for the develop¬ 
ment of the photographic traces The instruments were set up by Mr Watson 
near the end of March, 1923, the H magnetograph and one of the D (declination) 
magnetographs being underground and the second D instrument at the surface. 
Records were taken until the middle of the following November, but operations 
were suspended during July and August and part of September The 


Teireatrial Magnetism,’ vol 11 (1906), and 'Met, Znt p, 130 (1007) 
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underground and surface D instruments were interchanged in Scptcmbei as a 
precaution against instrumental uncertainties 

§2, Magnetographs housed in a mine are exposed to special dangers, and from 
one cause or another there was a considerable loss of traie It was clearly 
desirable to limit the comparison of D results in general to days in which 
complete records were obtained from both the 1) instruments at Sand well 
Fark It was finally decided to select for each month two groups of days not 
exceeding five in each group, one group representative of quiet, the other of 
“disturbed” conditions The international quiet- and disturbed days were 
used when records were available Diurnal inequalities were derived from these 
two groups of days, non-cyclu corrections being applied in the usual wuy. 
It was clearly desirable to include in the comparison a more northern as well 
as a more southern observatory The elements regularly recorded at Esk- 
dalemuir of late years have been N and W (north and west components), not 
D and H. Diurnal inequalities can be calculated for D and H from N and W 
curves, but irregular changes can be satisfactorily measured only for the elements 
actually recorded. A third declinometer was accordingly transformed by Mr 
Watson into a declination magnetograph, and installed at Eskdalcmuir 

While the reduction of the observations was in progress, the magnetic curves 
obtained during 1923 at the new observatory at Lerwick in the Shetland^ w ere 
sent to Kew for examination, and it was decided to utilize them as well Hourly 
tabulations had already been made in Scotland, so the extra labour entailed was 
not very serious 

§3 In addition to the mter-tomparison of the regular diurnal inequalities 
at the different- stations, a comparison was made of the amplitude of irregular 
short period changes What was measured was the difference of ordinate at 
successive turning points (crests and hollows). In general there is no difficulty 
in identifying corresponding movements in the same element at British stations, 
even when so far apart as Kew and Eakd&lcimvvr The selection of suitable 
movements was based mainly on a study of the Kew curves During the busy 
hours of the local electric railways artificial disturbance was too large at Kew to 
permit of the satisfactory measurement of minor movements This considera¬ 
tion alone would have restricted the choice mainly to the night hours, but this 
was desirable in any case, because the instruments at Sandwcll Park also suffered 
sensibly from artificial disturbances during the day These seemed to he due, 
not to the electrical power used in the mine, but to electric tramways at some 
distance 

Only D irregular movements were available at Eskdalemmr This whs one 



806 


C. Chree and It. E. Wataon 


of the reasons for the use of the Lerwick curves, because the magnetographs in 
use there recorded T) and H 

The direct comparison of underground and surface phenomena at Sandwell 
Park was necessarily limited to D Such comparisons are not bo simple as 
may apjiear at first sight Assuming the regular diurnal variation to lie due to 
the varying action of some electric current, the changes m declination depend 
not only on the direction, distance and intensity of tile current, hut also on fcho 
local value of If Jn the present ease complete observations of H were not taken, 
but the time of swing of a magnet was measured at both stations, as well as at 
Kew Observatory The value of H thus deduced for the surface Btation from 
the known value at Kew was intermediate between the values obtained by 
Rhcker and Thorpe and by Mr Q W Walker at stations a few nules away, 
due allowance being made for secular change, The value obtained at the under¬ 
ground station was the larger by about TOOy, or 0 5 per cent This ib not much 
in excess of the probable error of observation, but several observations were 
taken and all agreed as to the sign of the difference Supposing the result 
exait, it would imply a reduction of 0*5 per cent in the amplitude of the U 
changes underground, as compared with those at the surface, provided the 
depth of the underground station 1,800 feet or 0 55 km roughly, is negligible 
compared with the distance of the currents to which the diurnal inequality 
is due 

§4 In considering the amplitude of the diurnal inequality, attention was 
given to the A D (numerical mean of the 24 hourly departures from the menu 
value of the day) as well as to the range 

In the case of the quiet day D inequalities, in four months out of five, both the 
range and the A D were larger for the surface than for the underground station, 
the average different r in the case of the range representing about 3 per cent 
of the surface value But in the disturbed day inequalities the pxcess in the 
range at. the surface averaged only 1 per cent , and in the cose of the A.D the 
excess vanished In the cane of the quiet day inequalities the difference between 
the amplitudes is in the direction we should expect from the enhanced values 
of H underground, but is greater than the enhancement in the value of H would 
account for In the case of the disturbed day inequalities the difference might 
be accounted for by the difference in the underground and surface values of H 

The irregular I) movements uBed for the comparison of the underground 
and surface stations were taken from seven months, the number varying from 
13 in March to 106 m October Every month gave an excess for the 
amplitude of the surface movement. In three months the excess represented 
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only 1 per cent, but on the aggregate of the .MH movements measured it 
represented 4 per cent Additional confidence in the reality of the i xiess 
may be derived from the fact that it appears both prior and subsequent to the 
interchange of instruments 

The [acts that the irregular movenit nts showed a dear fxiesN at tin surface, 
and that the A D of the regular diurnal inequality on disturbed du\ s did liol, 
may appear contradictory But the results obtained at the various surface 
stations showed that there is no recognisable relation between the regular and 
irregular changes 

In the case of H no certain conclusion Lan be drawn as to a difference between 
inequalities underground and at the surface All that can be said is that 
on an average of hve months the ratio borne by the range or A 1) from the 
disturbed day inequality to the range or A D from the quiet day inequality 
was very nearly the same for the underground station as for Kew 
Observatory As regards the irregular changes m H, the phenomena 
observed were at least consistent, as in the case of 1), with a small reduction 
in the amplitude of the movements underground, but no certain conclusion 
can be drawn 

The results are consistent with the view that in a coal mine, where local 
disturbance is absent or very small, declination changes may for practical 
purposes be treated as identical with those at the surface. During the time 
of the observations at Sandwcll Bark there was no instance where the difference 
between an irregular movement recorded underground and the corresponding 
surface movement was sufficient to catch the eye There were small differences 
in amplitude, according to the measurements inode, but no difference was 
noticed in the type of any irregular movement We should not, however, he 
justified in assuming that differences visible to the eye never occur 1923 
was a very quiet year, and contained few disturbances of any size, and there 
were no conspicuously large rapid oscillations. Such oscillations constitute 
the conditions under which a difference between surface and underground 
phenomena would seem most bkely to arise This limitation is practically 
unimportant, because no observations taken during a magnetic storm should 
be employed for engineering purposes. 

It is, perhaps, only proper to add that the conditions were not favourable 
for the detection of minule differences The curves did not in general possess 
the sharpness of outline which can be secured with first-class magnetographs at 
a first-class observatory, and the artificial disturbances at the underground and 
surface stations were not identical 
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§ 5 The aecond mam question, bow far results from a station m 8 E England 
are applicable elsewhere in the British Isles, has an even wider interest 
It is not a opw question, but deserves more attention than it has received 
The first important occasion when it arose in modern times was in con¬ 
nection with Rticker and Thorpe's survey * In their reduction of field 
observations Rilcker and Thorpe acted on two assumptions, the hypo¬ 
thetical character of which they explicitly recognised *--(1) That the regular 
diurnal inequality is independent of disturbance, and may be treated as identical 
over the British Isles, provided allowance be made for tho difference in looal 
time , (2) that irregular movements may be treated as identical over the 
same area Accepting the truth of those hypotheses, they were justified in 
applying everywhere a correction for the diurnal inequality based on quiet day 
inequalities from Kew Observatory, and in making an allowance for irregular 
disturbances based on the curves of the same station 

Even in Tlhcker and Thorpe’s time it would have beon possible to check the 
truth of these assumptions by comparing corresponding records from Kew and 
Stonyhurst This, however, does not seem to have been done A possible 
explanation is that Riicker and Thorpe may have been aware of a comparison 
instituted by Dr Balfour Stewartf and the Rev W Sidgrcavps, 8 J , which 
owing, apparently, to a confusion over scale values^ —led to the erroneous 
conclusion that tho less rapid irregular movements at Kew and Btonyhurst 
were practically equal in amplitude The next comparison between British 
stations was more exhaustive, but it was between Kew and Falmouth.5 
observatories both in the south of England, and was confined to quiet day 
inequalities In that case the results were, on the whole, not unfavourable to 
Rilcker and Thorpe's first hypothesis. 

The question arose again in connection with Mr G W. Walker’s re-survey 
for the epoch 1915 Eskdalemuir had then been recording for several years, 
and sufficient intercom panson had been made of Kew and Eskdalemuir to show 
that disturbance tended to be larger at the more northern station, Mr, Walker|| 
was aware, as he explicitly states, that neither of Rhcker and Thorpe’s hypotheses 
was true, but he thought it best to follow their procedure, relying this time on 

Greenwich as a base station, 

# 

* Roy Hoc Phil. Trans,’A, vol 181, p 53(1800) 
f 'Hoy Hoc Proc vol 17, p 2.18(1869) 

t Cf ' Inst Electncsl Engineers' Journal,' vol 57 p 503(1910) 

{ f Roy Sou Phil Trans ,’ A, vol 204, p 373 (1005). 

|| - Roy Hoc Phil Trans./A, vol. 219, p 9(1919) 
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It is obviously impossible even now to reduce field observations taken in 
different parts of the British Isles as satisfactorily as if there were m existence 
additional magnetic observatories in Houth-Western England or Wales, Western 
lrelontl and North-Western Scotland But this does not mean that no better 
course is possible than that, followed by RUtker and Thorpe and by Walker 
The rest of this paper may be regarded as helping to elucidate this point lhe 
Sand well Park 1) data it utilizes are those from the surface station 

§ 6 Taking first the D regular diurnal inequality on quiet days, it was found 
that the differences between the ranges or A D 'h at Rew Sandwell Park and 
Eakdalemuii vcre small in all months Then* was a slight tendency in the 
raDge, and still more m the A D , to increase as we go north, but even in the 
case of the A D the excess at Eakdalemuir over Kew, on ail average from the 
five months May, .Tune, September, Ortober and* November, was only 8 per 
cent of the Kew value 

Results for Lerwick were more complicated Even in the south of England 
the amplitude of the regular diurnal inequality on quiet days has a large annual 
variation, with a pronounced minimum at midwinter But at Lerwick this 
annual variation is further developed In June the range at Lerwick was 
II per cent and the A 1) was 3 ft per cent larger than at Kew, but in October 
the range and A D were actually smaller at Lerwick than at Kew 

The results obtained for quiet days for H differ considerably from those 
obtained for D If we take an average from April, May and June, the ratio 
borne by the range of the regular diurnal inequality to that at Kew was 1 *15 
for Sand well Park, 1 37 for Eakdalemuir, and 1 48 for Lerwick , while, if we 
take a mean from October and November, the ratio was 1 * 10 for Sandwell Park, 
0 91 for Eakdalemuir and 0 80 for Lerwick The tendency to increased 
amplitude as we go north in summer, and the tendency to a reduced amplitude 
at the more northern stations in winter, are thus shared with declination, but 
to an enhanced degree. 

$7. When considering disturbed day inequalities, it is important to remember 
that the five moat disturbed days may represent a much higher absolute 
standard of disturbance in one month than in another 1923, a year of sunspot 
mini mum, was a quiet year Also, owing to breakdowns, the disturbed days 
selected were not always the most disturbed of the month Thus the differ¬ 
ences found here between quiet and disturbed day inequalities are not unlikely 
to be less than the differences to bo encountered in an average year 

In the ease of D the ratio borne by the range of the diurnal inequality from the 
-selected disturbed days to the range of the inequality from the selected quiet 
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days varied at Kew from 1 .‘18 in June to 2 42 in November at Sandwell Park 
it varied from 1 34 in J u no to 2 * 47 in November , at Eskdalemuir it varied from 
1 43 m May to 3 07 in November , and at Lerwick it varied from 1 25 in 
May to 4 63 in November These ratios, if RUcker and Thorpe's hypotheses 
had been true, should all have been 1 00. 

On an average from five months, the ratio borne by the disturbed day D 
inequality range to the quiet day range was l 82 for Kew, 1 87 for Sandwell 
Park, 2 *0fi for Eskdalemuir, and 2 61 for Lerwick The tendency in the ratio 
to increase with increase of latitude was not shown in May and June, and it 
became less prominent when the A D, was substituted for the range. 

In the case of H, if we omit Lerwick, wp find less difference between the 
different stations and the different months The ratio borne by the range of 
the disturbed day inequality to the quiet day inequality, on an average of five 
months, was 1 44 at Kew, 1'42 at Sandwell Park and 1 41 at Eskdalemuir 
The extreme values of the ratio in individual mouths if we include the three 
stations were 1 09 and 1 08 There was no decided tendency in the ratio 
to increase with latitude When, however, wc pass to Lerwick, we encounter 
a totally different state of matters The ratio borne by the disturbed day 
inequality range to the quiet day range varied from ] 46 in June to C 49 in 
October, and on an average of five months it was no less than 3 33 It was 
found, moreover, that the diurnal inequality on disturbed dayB at Lerwick 
in the later months was quite different in type from that at the other stations 
To make sure that the phenomenon was not an accident of the special days 
selected, the Eskdalemuir and Lerwick tables for the international quiet and 
disturbed days of all months of 1923 were consulted These put the matter 
beyond a doubt. On quiet days at Lerwick 11 h. or 10 h appears to be the 
normal time ol the minimum the whole year round, as at Eskdalemuir or Kew 
At the more southern stations there seems no difference in this respect between 
disturbed and quiet days But at Lerwick on disturbed days, at least in 1923, 
the principal minimum in the equinoctial and winter seasons appeared near 
midnight This happened even in one summer month June, and the influence 
of the equinoctial and winter months was bo great that even in the mean 
diurnal inequality for the year the minimum fell at 2 h. Analysis in Fourier 
senes showed that for September and October on disturbed days there was a 
difference approaching 180° in the phase angles of the 24-hour waves for Lerwick 
and for the three more southern stations. 

In view of its high latitude, 60° N., Lerwick may appear a somewhat extreme 
station for the British Isles. But Eskdalemuir, on the other hand, is in the 
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Bouth of Scotland, and there may he a large part of Scotland where the 
conditions approach as closely to those of Lerwick as to those of Gskdalcmuir. 

§ 8 Irregular D movements were measured on about 90 nights at KcWj a 
few highly disturbed, a few quiet, and the majority moderately disturbed 
The practice adopted was to take the sum of the amplitudes of all the move¬ 
ments measured on a single night at each station, and compare it with the 
corresponding aggregate for Kew. The measurements were made in milli¬ 
metres, the curves from the different stations being similarly dealt with, but 
independently, and the results should be quite unprejudiced Readings were 
taken to 0-1 mm., but accuracy cannot be aecured to 0‘1 mm except under 
very favourable conditions. 

On a few of the more highly disturbed nights, some of the D movements 
selected at Kow could not be identided with movements at Lerwick, and this 
was even true in a few cases at Eskdalemuir In such cases only the movements, 
the identification of which was undoubted, were taken into account when 
comparing the two stations 

On every single night when comparisons were made the aggregate of the D 
movements was greater for Eskdalemuir than for Sandwell Park or Kew, and 
greater for Lerwick than for Eskdalemuir, Out of a total of 66 nights used, 
there were only 5 when the aggregate movement was larger for Kew than for 
Sandwell Park, and on each of the 5 occasions the aggregate was small, and the 
apparent excess trifling From the grand aggregates of all the irregular 
movements measured, the ratios borne to the Kew movement by the corre¬ 
sponding movements at Sandwell Park, Eskdalemuir and Lerwick were respec¬ 
tively 1 a 12, 1-48 and 2-09. The values obtained for the ratio Lerwick . Kew 
in seven separate months varied only between 1-92 and 2-26. 

The ratio borne by the representative irregular D movement at Lerwick to 
the corresponding movement at Kew is much larger, especially m the summer 
months, than the ratio borne by the range of the regular D diurnal inequality 
on disturbed days at Lerwick to the corresponding range at Kew 

§ 9. An analogous comparison was made of irregular H movements at Kew, 
Sandwell Park and Lerwick Here, again, D and H do not behave alike In 
every month the aggregate of the H movements was substantially greatest at 
Lerwick, but there was quite a considerable number of individual nights when 
the aggregate for Lerwick was similar to or even less than the corresponding 
aggregate for Kew. On some of these occasions there was a fall in the amplitude 
in passing from Kew to Sandwell Park, and a further fall m passing from 
Sandwell Park to Lerwick There was not any decided tendency, such as 
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appeared m the case of D, for the amplitude of the irregular movement to be 
larger at Sand well Park than at Kew In fact, taking the aggregate of 514 
movements measured, there was a deficiency of 1 per cent in the amplitude at 
Sandwell Park This may, of course, be due to the station being underground. 
As the H inequality range from disturbed days at Sandwell Park was, on an 
average, from five months, 13 per cent in excess of the Kew range, it is clear 
that the phenomenon can hardly be due to any error in scale values 
As already stated, there were nights when the equivalents of some of the 
irregular D movements measured at Kew could not be identified at Lerwick, 
but Huch occasions were few In the (use of H, however, there were a good 
many such occasions, whole nights, m fact, when satisfactory identifications 
could not be made. On one of these nights the H range at Lerwirk exceeded 
900 y, while the corresponding range at Kew was only about 140 y On another 
occasion, when identification did seem possible for 12 movements, the aggregate 
of the H movements at Lerwick was 4 8 times the corresponding aggregate at 
Kew. This occasion and one or two others of a like kind were treated as 
exceptional Omitting them the ratio of the representative irregular nin\ement 
at Lerwick to that at Kew, based on an aggregate from 344 movements, was 
only 1 35 This is much less than the corresponding result obtained from 
the D irregular movements, even wheu the latter are converted into their force 
equivalents so as to allow for the lower value of H at Lerwick 

§ 10 The cases where it was difficult or impossible to identify corresponding 
irregular movements in H at Kew and Lerwick were examined individually, 
and a comparison was mode which was baaed on mean hourly values of 1) and H 
The changes from hour to hour measured in this way are not as accurate as 
the amplitudes of individual irregular movements, but the stations differed 
so widely that the accuracy sufficed to bring out the salient features 

In the case of D, even on highly disturbed days, the sign of the change 
from hour to hour was in general the same at the different stations, and the 
amplitude of the change, whether easterly or westerly, increased pretty regularly 
With the latitude For example, on the night of September 26-27, one of the 
most disturbed, the change in D shown by the mean hourly values was 
continuously easterly fTom 19 h to 23 h cm the 26th, and the aggregate 
movement was 20'-9 at Kew, 23'-7 at Sandwell Park, 28'-5 at Kskdaleuiuir 
and 36'-3 at Lerwick, while on the morning of the 27th from ] h to 3 h. 
the movement was westerly, the aggregate change being 13' 7 at Kew, 

16' • 1 at Sandwell Park, 20' 9 at Eskdalemuir and 44' 2 at Lerwick 
In the case of H the changes were sometimes of the same sign at all the 
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stations, but the increase with latitude was often extraordinarily pronounced 
Taking again the night September 20-27, the aggregate change from 19 h 
of the 26th to 1 h. of the 27th wag a fall at all the stations, but it amounted 
to 43y at Kew, 37y at Sftndwcll Park, 114y at Eskdalemuir and 340y nt 
Lerwick , while from 1 h. to 1 h on the 27th there was a rise amounting to 
3Oy at Kew', llv at Sand well Park, HKty at Eskdalemuir, and 247y at Lerwick 
On these occasions it was only at Eskdalemuir and Lerwick that the fall or 
rise in the successive hourly means appeared absolutely unbroken 

On other occasions changes m H from one hour to the next were such as 
the following .— 


Kew 

iSandwcll Park 

Eskdalemuir 

Lerwick 

f2% 

l-rvr 

[ 4y 

-2G9y 

1- fly 

1- 7-r 

22 Y 

- riOy 

- it 

+ 4y 

plTy 

-(-228y 

—22 Y 

-20y 

-13f 

+ 39y 


With the Lerwick data before us, we can recognise an orderly progression in 
the changes at the three more southern stations An influence dominant at 
Lerwick was apparently in opposition to an influence which prevailed in the 
south of England 

It is sufficiently obvious that in any of the above cases any conuctions based, 
like Rbckor and Thorpe’s, on Kew data alone would be absolutely futile, so far 
at least as northern Scotland is concerned In such cases the best course 
may be to disregard any held observation Liken at a distance from a magnetic 
observatory 

The results of the present paper arc based oil a very large amount of data 
which it is hoped to present adequately in a Geophysical Memoir to be published 
by the Meteorological Office 

We have picture in acknowledging the great assistance given us by Mr 
Booking, Messrs Bailey and Mr How T arth, and by the manager and staff of 
the Sand well Park Colliery, Without the active assistance of these gentlemen 
the work would have hecu impossible 


814 


On the Gyration of Light by Multiplet Lines. 

By C. G Dakwin, FRS 
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1. Id the last few years there has been a great development of the theory of 
the intensities of spectral lines, and in its turn this theory has reacted on the 
general theory of spectra , so that any experimental method which throws 
new light on the subject has a great importance It has not apparently been 
explicitly noticed that a study of the dispersive effect of the rotation of polar¬ 
ized bght by a vapour can be made to yield information on the second approxi¬ 
mations to the intensities of the X Zeeman components Since the difficulties 
of direct intensity measurement and of obtaining strong magnetic fields must 
always be very great, there would seem to he an advantage in having a method 
of attack which is, it is true, difficult, but only with the difficulty of a very 
well-known technique, the study of polarisod bght 
The present work is a theoretical investigation of some of the properties that 
may be expected to be found. In a recent paper* the present writer worked 
out some results on the subject using the purely mechanical models of the 
type discussed by Voigt, and obtained the result that any atom which exhibits 
the Paschen back effect should show a sundar effect in a weak magnetic held 
in regard to the gyration of bght, provided that the frequency of thw light is 
not too dose to the lines of the multiplet (Of course bght in the immediate 
neighbourhood will not be affected in this way, but will exhibit the actual Zeeman 
effect inversely.) Iu other words, the equation of Becquerelf relating the 
gyratory constant V with the refractive index n 


V 


e dn 

2m? dX 


will give the normal value of e/m, and all trace of the anomalous Zeeman effect 
will disappear. If this result is true for a single multiplet, it will remain true 
in regions where more than one eon tribute sensibly to the refraction, and will 
only fail for light of frequency very dose to that of one of the multiplets of the 
spectrum. 

The purely mechanical model for which this result was found has, of oourse, 

* 1 Phil. Mag.,' vol. 1, p, 161 (1926). 
t ' 0. R.r vol. 126, p. 079 11W7). 
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many weaknesses, but it does have some of the features of the “ electron and 
core ” model, for it can be thrown into a form where one electron is solely 
responsible for emission and exhibits the normal Larmor rotation, while the 
electron is loosely linked with others which are “ blind ” and have anomalous 
rotation It therefore seemed very probable that the result could be proved 
as a result of the electron and core model, and it was the main object of the 
present work to sec if this were bo, by attacking the problem by the use of 
Kramers’and Heisenberg’s dispersion theory * The expected result is verified, 
and some progress is made in evaluating the second order terms in the 
intensities. 

There run be no doubt that the proper approach to the problem is through the 
New Mechanics of Heisenberg applied to the rotating electron of Uhlcnberg 
and Goudsmit, but little has yet been published about the rotating electron, 
and the New Mechanics has many more fundamental problems to dispose of 
6rst, so that it is perhaps still not out of place to make what proves to be an 
exceedingly unambiguous application of the Correspondence Principle The 
present work is carried out only with the model which is used for the simpler 
types of spectra, indeed the theory of intensities of more complex lines is still 
too imperfect to carry the result farther 

What is practically the same subject as the present work was discussed in a 
recent paper by Frenkel-t He was engaged in an examination into the “ para¬ 
magnetic gyration ” which LadenbergJ suggested should arise from the unequal 
numbers of atoms orientated in the various directions He appears to the 
present writer to have made an oversight so that he did not calculate the 
changes in intensities of the Zeeman lines, and in consequence his results are 
largely vitiated 

2 The gyration of light by a mass of gas is readily expressed as an atomic 
effect by methods which are practically those of Lorentz An atom is in a 
magnetic held along z and is exposed to light going along z and polarized along x. 
Then it acquires cle< tnc moment of components oE*, ipE* along x and y 
We shall call a and p, respectively, the refraction and the gyration of the 
atom. The result is a scattering of waves which causes unequal refraction for 
right- or left-handed circularly polarized light, according to the equation 

3 ^ ^ =47tN (a ± p), where N is the number of atoms in unit volume If 

rt ~p 2 > 

* ‘ Z. f. Phyuk, 1 voL 81, p 681 (1926). 

t'Zf Phyatk, 1 vol 36, p. 216 (1926). 

* * Z. f. Phynk/ vol 34, p, 698 (1926). 
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n, w' are the two solutions, the plane of polamation rotates an angle 
7t [n — n*)/X per unit length. As long as we arc studying light not very close 

to a spectral line p is much smaller than a and we write n' — »' = 2p 



where n is the mean refractive index If the atom exhibits the normal 
Larnior rotation 0 L , it is not hard to show that 

_ _n da /n | \ 

p -° L r^rx- (21) 


and hence m this case we get a rotation per unit length 

Ol , dn 
c dX' 

which is Becqucrcl’a result 

Thus for our purposes all that is necessary is to calculate a and p for the 
models adopted, and these are determined by the methods of Kramers and 
Heisenberg We quote their result, excluding the emissive terms which are 
necessary for the complete correspondent e, but which will not pr&itic&LLy 
concern us A, is a vector associated with frequency* to,, of which the classical 
analogue is the coefficient of e im,t in the Fourier expansion of the electric moment 
Then under electric force which is a vector Kr M the atom acquires an excited 
moment proportional to 

M = £ | A * (2.2) 

l 10, — M 0) f + * I 


Hero A, is the complex quantity conjugate to A, Wc are only concerned with 
the A Zeeman components and the ca’s fall into two classes r and Z, where 
<ii| correspond to the emission of light which is polarized respectively in 
right- and left-handed circles For the right-handed we have A/ = — »A r *, 
and for the left, Af = ik* 

Then under the stimulus of an electric force E, the moment is 

M* = aE^\ 

M„ = »pE J f ,,, P (2.3) 

where 



1 

+ * 




1 


tii| + V 


p = I r IV|‘(—-1— )-Z,|A,‘|*(—1-X-) f 

V(il r — V fcl P -J- W Milj — V 


(2 4) 


and our problem is solved when we have evaluated these quantities 

* Throughout this paper frequency will mean the number of vibrations in 2 k mob., so 
as to avoid the perpetual recurrence of the factor 2 k which has disfigured the printing 
of so much recent work 
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We shall refer to | A 1 | a as the intensity of the lino at <■> Strictly speaking, 
this is ambiguous because the relative intensities of lines of different frequencies 
will differ according to whether wo consider absorption or emission, in other 
words, whether we are discussing the Einstein A or B Fowler* shows good 
reason to regard B as the proper one to take, and shows that with the simple 
Larmor rotation it will be invariant—that is, | A, | a — | A|| 2 ~ | A 0 | s , he 
also conjectures that this should be true for the anomalous ZecmAn effect, 
but we shall see reason to differ from this view In any cabc, our | A | a is the 
quantity which will be called intensity in the New Mechanics, and it is therefore 
unnecessary to go further into the question 

3 Wc shall now assume a result obtained later by the Correspondence 
Principle When a line is broken into its Zeeman components, the corresponding 
members r and / on the opposite sides of the zero are not exactly equal in 
intensity, but one is slightly increased and the other is diminished to exactly 
the same extent If Ol is the Larmor rotation and if p is a parameter measuring 
the separation of the members of the multiplet, then the intensities of the r and l 
members are, respectively, changed in the ratio 1 -h flO L /p, 1 — aO L /p, where a 
is a numerical constant of order unity depending on the quantum numbers of 
the switch and also on the ratio of the separations of the two sets of terms 
concerned in the multiplet 

We require to add together a large number of rather complicated expressions, 
andthchandhngof the process is very materially simplified by using the following 
notation In the brat place, the symbol tf> means ± 1 The introduction of 
this symbol enables us to take together the r and / components without writing 
ont separately the expressions for them Lot to be the centre of gravity of the 
multiplet, then the zero position of one of its members is w + 6p, where b 
is of the order unity A Zeeman component has frequency <■> + ftp + tftcO Li 
where c is the factor giving the magnetic anomaly for the Component—of the 
order unity This line has intensity I (1 + ^nth/p) The refraction of the 
pair of lines is 

w'+ — k + + .+>+V + 15 " 

We are only considering values of v far from the multiplet, so that this may 
be written 

i,i a + **/»[(^ + - W + **1(5^ + 

(3 2) 


* ‘ Phil Mag./ voL 1, p, 1070 (1008). 
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To evaluate the gyration we must WTite- and - — i — 

<i) — v gj + v (g) — v) z 

---, and must subtract the r and l members instead of adding. This 

(CD + V) B 

subtraction can be done by multiplying each of the terms by ^ and then 
adding Both the required results can be found together by setting down the 
expression 

I (l + MVP) [P— Q(&P + MV]- 0 3) 


Then the term independent of tft gives the value of the refraction,* if P is taken 

to mean — -1--— and Q -— -- -|- -;-, and the gyration is given 

G1 — V Gi 4“ V (g! — v)“ (to 4“ 

by taking the coefficient of <j >, with P meaning — --— and Q --—— 

to — v to 4~ ^ (co — vy 

- —; In all our work the summation for can be left to the very end, 

(to 4- v) 8 

so that no confusion arises on account of this dual meaning of P and Q, but 
when we require to distinguish them we shall write Y v , Q„, F e , Q p We 
observe that 


ap 

= "57 


If we multiply out (3 3), we obtain 

I fp (i + MVP) - Q (*P + MV + MOi)l (3.4) 


and this is to be summed over the multiplet. 

Experiments will always consist in a comparison uf gyration with refraction. 
Since ta haft been chosen aft the centre of gravity of the multiplet, Sib — 0 and 
we shall have a — P„EI Thifemthcnatur&l way in which it would be expressed, 
corresponding to a pure Lorentz formula for the refractive index, without a 
correction term in Q*. The gyration will be 


p = 0 L SI[- P^/p + Q, (0 + ab)l (3.5) 

and it is clear w'hy the second order terms in the intensities must be known, 
for a cornea in twice over in terms which are certainly not negligible The result 
we are to prove consists in showing that if taken over the whole multiplet the 
sum (3.4) will contain no term in P^, and that the sum of all the terms m 
will add up to an amount exactly corresponding to the Larmor rotation. In 
other words, the sum of all the term of (3 4) reduces to 


(P-QM)SI- 


(3.6) 


* Strictly speaking, the value should be doubled, but u we ire only concerned with 
the ratio of gyration to refraction, this is immaterial. 
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4 . As a consequence of temperature certain other cases arise which deserve 
discussion A multiplet ib constructed out of the differences of two sets of 
levels, the tcrm-multiplets, and in evaluating frequencies and intensities these 
play entirely similar roles But here we are not concerned with emission or 
absorption, but only with refraction, and the atoniH are all present in only one 
set of levels -the other set having a purely potential existence We shall call 
the states of the atom which are really present the “actual states,” tho-others 
the " potential ” Any temperature effect will only be conrerned with these 
actual states, and to this extent the refractive effect of the multiplet may be 
quite unsymmetncfll in the two sets of levels that concern its formation 
Ladenburg* has called attention to a phenomenon which he calls “ para¬ 
magnetic gyration," aa opposed to the ordinary diamagnetic gyration The 
magnetic energy of some initial states is greater than that of others, and con¬ 
sequently there are unequal probabilities of the atoms being found in these 
states Hence, he predicts a type of gyration which will depend on the tem¬ 
perature We may usefully review this question from a rather more general 
standpoint, as several cases arise. In the first place the magnetic energy AW„, 
is always small, so that at any reasonable temperature we can expand the 
expression exp. — AW m /*T as 1 — AW t „/*T But it will also be necessary to 
allow for the fact that the different states of the actual term-multiplet have 
different energies and therefore different probabilities of occurrence, and here 
we must discriminate between the cases of high and low temperature Low 
temperature will mean that practically only one actual state of the atoms will 
be present (of course, Bplit into its magnetic levels), and high that all are 
present with probability factor 1 — AWj/xT 

In the case of low temperature there cannot be more than three lines active 
(j “*J ± 1 and j-+J, starting from one initial j) It wall be propn to expand the 
effect in terms of a P and Q corresponding to the centre of gravity of the linos 
present, in order that there should be no Q-tcrm in the refraction. The tem¬ 
perature effect will be represented by a factor 1 — 0iyO|.h/2TTxT (in Landg's 
notation) attached to each line issuing from the state of quantum number m, 
and the result is that (3 4) must be multiplcd by a quantity of the form. 


1 — -——and then summed over the three or less lincB present The 
oomplete formula will be 




• Lot. oil. 
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Of the three terms m the gyration, that m Q will predominate at points near the 
multiplet. As v gets farther away, this term will bear to the P-borm a ratio oi 
the order PQ/P or p/| co — v |, so that the P-term will become the more important 
at distances greater than the separation of the multiplet Of the two P-terms 
the paramagnetic is much the more important—unless #T>pA, and this would 
contradict our assumption of low temperature. We also observe that the 
paramagnetic term can be calculated without knowing the second orders m the 
intensities, but that these must be known for both the other terms. 

In the case of high temperature we have t-o sum the effect of the complete 
multiplet, and AW/fcT will contain p as a factor, so that we shall have to allow 
for the influence of the second order terms on the paramagnetic effect. We shall 
work out this problem for the classical case, and shall bnd that the paramagnetic 
gyration, like the diamagnetic, is entirely independent of the magnetic anomaly 
and the multiplet separation The result bnugs out in an interesting manner 
the distinction between the actual and the potential states 

We may here remark that Lhe interest in the case of high temperature, 
including the purely diamagnetic gyration which corresponds to infinite tempera¬ 
ture, is mainly theoretical, in that it enables uh to obtain information by the 
Correspondence Principle as to the valuesof the secoud orders in the intcnsities. 
These are required in order to know the gyration of an a< tual substance, but 
eiceptin very close mul tiplets only one actual state will be present at manageable 
temperatures In § 11 examples will be given, showing how it is possible to give 
the expressions for low temperatures from a knowledge of those at high. 

5 In general terms the result that we have to prove can be put in the following 
form The atom is composed of two loosely linked systems A and B, and p is a 
small parameter measuring the closeness of the linkage A is acted on by an 
external force which is without direct effect on B Then the reaction of A 
to this force will only be effected by B to the order p 3 —putting it loosely, one p 
arises because the effect has to pass in to B, and the second because it comes 
back to A before appearing m the outer world ThiB result is easy to prove 
quite generally provided that there is no degeneracy present, but in the actual 
systems for which we require it B causes secular perturbations m A, and the 
theorem becomes much more complicated As we want to know not merely the 
behaviour of the whole multiplet but also of its separate members, we shall take 
a specific model and work with that, merely noting that the rather elaborate 
way in which the terms cut out suggests that the theorem would probably be 
true for a far more general class of model 

The model we shall use is that whioh explains the ordinary classes of multiplet 
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where the multiplicity is the same for both of the terms out of which the spectrum 
is constructed,* We shall summarize its properties A single electron, which 
alone is affected by external forces, has principal quantum number n and angular 
momentum k 0 directed in the direction K A core which is blind (uuaffccted 
by the radiation) has angular momentum r 0 in the direction It, and the resultant 
angular momentum is j n m the direction J (which lies in the plane through KR) 
mo is the component of jo along Z the direction of the magnetic force Those 
constitute a canonical system of co-ordinates provided their conjugates are taken 
as 5 

w k n = the uiiglc between JK and the apse of the motion of the electron 
w r Q — similarly for the r nre 

— the angle ZJK 

— the angle XZJ. 

U — the " moan anomaly " in the orbital motion 
The energy of the system is composed of 

( I ) A 0 ) the energy of the electron 

( II ) H r (r 0 ) the energy of the core, involving other degrees of freedom which 
play no part in the process 

(m) the mutual energy To agree with the ordinary separation of multiplets 
this mast be proportional to cos KR. We ahull take it os Xr 0 p cob KR, 
where p itself will depend on £ 0 (being in fact, for many lines, proportional 

to 1/JL„*) Also cos KR =- 7l|il ~ - rul 

2Ai)r 0 

(iv) the magnetic energy of the eleetrou. As the electron exhibits the 
normal Larmor rotation this is O^o cos KZ. 

(v) the magnetic energy of the core. The core has anomalous rotation of 
amount which we shall call Ol + c though as a fact e itself is equal to 
Ot This contributes an amount (0 L + e) r u cos RZ 

Adding these together we have as energy 

H = H* (n, ko) + H r fo) + p iSL - *»* ~ r « i 

Zfo 

+ w(o L -|- - bi r n \ __ am KJ sin ZJ cos wf (5.1) 

The actual energy is given by omitting the last term, since it fluctuates. But 
the presence of this term means that the co-ordinates are not true angle 
variables, suitable for the dispersion theory, and wo must make a small 
* See for example Pauli, 1 Z. f, Ph voL 20. p. 971 (1W4). 



322 


C. G. Darwin, 


transformation t-o remove it We shall submit the system to the canonical 
transformation generated by 

8 = Icw^ + rwf* + JWj° -f wtw'm 0 + - — sin KJ tun ZJ sin. wf* (5 2) 

P J 

We arc supposing throughout that the magnetic field lsweak.so that t (J. 
Here Bin ZJ, sm KJ, are the same functions of k, r , j, tn as sin ZJ, sin KJ of 
fco, r o,Jo, m o A great deal of our work is concerned with theBe angles ZJ and 
KJ, which we shall v\tHc r^ Z and K Thus 


com Z = mjj 

cos K = (j 1 -f- A4 — r~)i 2 jk. 

The transformation has the effect of not altering X, m, r, but 


jo = J + - — sin K sin Z cos w JW 

P J 

The result is that to the order c, the energy is 

H = II, + H, + p ,S - ~^~ ra I- m |0 L \- 2 y ~ + 


(5 3) 
(5 4) 

(5 5) 


(5 6 ) 


6 Let us suppose that a pair of axes tj are drawn through the apse and at 
right angles in the plane of the orbit Then with regard to these axes the 
electric moment is 


E = S n = -i £ 6^“-, (fl.l) 

Tf T * - a, 

a- r , fci are functions of n, Ja only and a „ T — a lt &_ T — — by. 

If we transform successively to (1) a set, of axes with pole at K and with 
one of the others in the plane of K J (2) axes with pole at J and one in the 
plane of JK (3) to jt, y, r, we get for the moment along x an expression which 
may be written 

M, — — I " T + bj e 1 1 1 »•+"■*•) l c i '“'' +w -'*( 1 + con KJ) (I + cob ZJ) 

T H 

- e 1 (1 + COS K J) (1 - cos ZJ) -f e‘ 1 - ^ 0+ ,r " P) (1 - cos K J) (1 - cob ZJ) 

— c *(-*/-*-■) (i — cos KJ)(1 + cos ZJ) -{-2 sin KJ sm ZJ (e , “- D + ""“"J} 

-1* a similar expression involving (o T — ^t) e^ iVi \ (6 2) 


As the second expression involves a different change of k it belongs to a 
different multiplet, and so here falls out of consideration. The coefficients 
that have been written down are those from which the intensities of the Zeeman 
components are ordinarily determined, but to obtain the second order terms 
they must be submitted to the transformation (5,2). 
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In what follows the work is much shortened by an extension of the notation 
of |3. 0 and <f> both represent ± 1 Then 

S4 = - s 2l±h e «r *■+«.•) ( s (1 + 0 cos KJ) (£+ 0 cos ZJ) e - 

8 If, <f> 

-(- S 2 sin KJ sin ZJ (6 3) 

M w is derived from M t by anting w m ° — rc/2 for iv m °, which can be conveniently 
done by multiplying each term by — uf> before summing. 

It is next necessary to apply the transformation (5.2), which modifies not 
only jo and through it KJ and 2J, but also w k °, u>j°, w m ° Wo must also 
remember that p is a function of I 0p so that the modified terms will involve 
dfijdk which we shall write as p' The presence of the term in sin wf in 
the generating function means that, so to speak, intensity is transferred from 
the components of the j -*-j lines to the j -+j ± 1 and vice versa, while there 
appear new lines j -*j ±2 We need not give the work nor even set down its 
results, since it is the squares of the coefficients in M, that are required These 
are given in the next section 

7 The intensities (Einstein B’s) are obtained by applying (5 2) to (6 3) 
and squaring the coefficients We wnto | a? -j- fcr|®/l0 = Ma function of n, l 
only, and for convenience we give the frequency of each line also 

Iw,* = AMsm'KamSZU + ecoaK^ + eoosZ^y^l + e£j)' 

= «■> + P' f ~ 2 r~ ~ ~ P* + 2 ®( Pj i + m ‘ k -J 

+ 4> (ol + * 

h i = JM(1 + 0 cos K) H (^ + 0cosZ)«[l + 2| 4 6 {jr^ (1 “ 0coflK > 
(^ — ©cos Z) — (^ — 0 cos Z)(j — cos K) + k cos Z (1 — Ocos K)|J 

<*•.» = - + P' £ — f — - + + +0l 

Lf f 



+ - [(^ — 0 cos Z) (j — k cos K) — k cos Z (1 — 0 cos K) ] 

1 


lo.i = U nn'Kiin* l\ l + ± 1 { - %■ Iq (</> oot K + co»Z) 
L 0 1 L P 


n)o, <t> — u H~ " 


-tf-r 2 

2r 


~h (2 j — Ofrcos K) cos Z — 

— p - + ^Ol + - (j — k cos K) — k cos Z] 

(7.1) 
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An exactly similar process gives the z component ol electric moment and thus 
the intensities of the || lines We omit their frequencies, since these are obtained 
by putting ^ — 0 in the corresponding expressions for the X lines 

Ia» a 1 M siu 2 K sin'Z (1 | 0 coh K) j £ ~ (1 + B fj )* 

P J ' P 1 

I,,o - M (1 0 cos K) s sm 2 Z J 1 f cos Z [ - ^ Jfc; (1 - Ocos K) 

— k cos K) |- ZO (1 — GcosK)jJ 

I 0 o = 4Msin*K I cos 2 Z f E r — cos Z [ —In sin 2 Z 
I (J/ tp 

- 2 sin”Z (j — l conK) + ieos K (1 — 3 cos* Z) j J (7.2) 


We may now make a partial interpretation into the terms of the quantum 
theory A simultaneous change of <£into <£and cos Z into — cos Z means a 
comparison of the i and l lines at equal distances from the zero position of a 
member of the multiple I This change leaves the main terms in the intensities 

unaltered, but changes the sign of the second order terms Thus what one 
gams in intensity the other loses The same is true for the |j components. 
It follows that the whole line remains unpolurized to the second approximation 
The ordinary summation rule fails For this requires that I#, l + | Id n + 
l #i _i should be independent of wt, but it is actually for^ -*j — 0 


M (1 -\ 0 (os K) 2 


and fory ->) 


1 + 2 ~ - A 0& (1 0 cos K) cos zl, 

P h J 


2M sin 2 K 1 1 - l \ h cos K cos z|, 


both of whn h depend on m through cos Z On the other hand, if no add these 
sums together for the three switches of j wc have simply 4M , ho that we have 
another summation rule 

If we add together the mleiusities of all xmUhes front given j and nt, the result 
will be independent of j and m ThiH rule is pointed out by Krumg* and by 
Fowler,f We shall examine Home of its consequences later 

The new lines j -►j ^2 have intensity of the order (c/p) 2 , and so will play 
no part in our work We may, however, note that each of them is unpolanzed 
and that its intensity contains chief factors the intensities of the lines 

*'Z.f.Ph,,’vol. 31, p 885 (1925). 
t Loc at 
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generating it, that, is, the line j -*j | 2, m -► m +■ 1 will have aa factors the 
product of the intensities J * ] \ 1, m-*m 4 1 and j ►j, in -» m - 1-1, 
But, of course, when the quantum numbers are put in, it mnv be necessary to 
alter the factora by a unit or so 

We must also observe the occurrence of j in the denominator Wo do not 
expet t this to lead to any infinity in the case j — U because the same factor does 
not do so for the frequencies, blit we should conjecture that the difference of 
intensities of the r and l components would be most marked with the lines of 
small quantum number j 

8. In accordance with the principles described in §§ 2, 3, we now apply the 
Kramcrs-Hcisenberg formula for refraction and gyration For the lme^ ~*j — 0 
the term 1^ contributes 


(tJ- + 

rn 


? \ + ol + t£\ 

K r j cm 


lc.j 


1 1 




'|- 


(8 1 ) 


We have to sum the influent es of all the lines of the multiplet, but shall do it in 
two stages ho as to determine in passing the gyration of a single line We 
therefore write 


<>V 


r V -C—JL— 


iJ» * 


and take 


IV- 


tO(t 


J _ 


■± 


W« J + v ’ 


Q/ 


(<<V 


rri 


1 


+ v ) 2 ’ 


( 8 - 2 ) 
(8 3) 


where the ambiguous sign is positive for refrai turn and negative for gyration 
Then 


—-± —V- = JV-Q. J f^»L I -(^-OcosZ)O-AcohK) 

Of* — V liV* + v l J 

— J,coe Z(1 — 0 cosK)J j (8 4) 

The contribution of all the Zeeman components will be given by summing over 
m between ± J —m the classical problem , this, of course, means an integration * 

* Their can be no doubt thal this is the proper process, but it may be loft open whether 
the averaging ia really over the orientations of separate atoms For example, in the 
IS— 2pi Hg line (though this is not a case in point here) the single atom Is isotropic, whereas 
our model necessarily implies that a single atom should have a gyratory effect But 
as we are considering radiation which is coherent from the different atoms, it maktt no 
difference whether we sum over different atoms or over the phase space of a single atom. 



326 


C. G. Darwin. 


We thus require 

S + s + • I + “ + • “ ®' w + •“■ 2,1 

X [l + 2-5 ~ 0 {£**(1 - 0cobK)(^-0oobZ) 

— (<j> — 0 cob Z)(j — k cob K) + Jtcos Z(1 -- 0 oosK)|J 
X [p.' - Q,' [^0 t + J [(^ - 0 COS Z) (J - k COB K) 

— k cob Z (1 — 0 coa K)] . (0.B) 

The evaluation ia very much simplified by the fact that 

J' ^ + 0|- + * J^)(* + 0 cobZ) F («, i, j, m) 

= ( T Tn + L + 6 j' *" ( * + 8 COsZ)F(n - *»* ")■ < 8 6 > 

since the differentiation of the limits of integration hyj exactly gives the term 
in We thus obtained as the sum 

(T£ + j| + 0 |)i M( l + 0cosK) J o{ 2(P/-Q.> l ) 

+ P.V2-1I o[^(l-0co»K)+Jte-j]+Q.V-5(i0-j)J. (87) 
In the similar calculation for j -*■ J we use P 0 l , Qt? formed with 


W = u + p ' 1 


Jl a * 

—*- p 7' 


The same simplification comes in, for on account of the factor ain Z the 

3 

berm involving ^ 5 - falls right out and we get 
cm 

( T S. + 2?*) M ain * K h ( (P ° J - WW 

+ PoVy jr[~ p-^ 0o8K — *] — QoV j (j ~ (8.8) 

Since the differential operator lies in front of the whole expression, the inter¬ 
pretation goes exactly as in Kramers’ and Heisenberg’s paper. We can say 
that, for bothj -*j ± 1 andj’ —j, there will be a P-term in the gyration, 00 that 
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it will fall off according to — V —-, lmt —fur frequenc ies far from 
or -- v 1 (tu 3 — \r) z 

tho line 

9 Wc next sum the effect h of all the linen v must now he right outside the 
multiplet We can again simplify the procedure by putting the differential 
operator out Bide For 

p' <lj (t i. I -1 + 0 i 1 1(1 + o COB K) F(», k, j) 

J | t-r I ' drt c )k Oj! 

- ( T I- ~ ) P' dj (1 + 0 «» K) F (», k,j) (9 ]) 

' rn vk> ! J 11 - T | 

Thia result, is true whither k ih greater than r or less, fur in either case the 
differentiation of the limits of integration by k exactly yields the term in 

0 Similarly 
<V 

P' «0( T|--l l!»i«KF(n, k,j) 

J | Jt r \ ' O/l C 'k 

( T /- 4 jL) f" dj B.n K F (n, k, j) (9 2) 

rn ck J |t-r( 


So we add together the teimn under the integral Hign Tins is best done in two 
stages, first taking together the three teimn issuing from one j We have 

JV — IV — Q u fi ^^and with sufficient accuracy Qj — Qt/ Then the three 
r 

lines together give 

\j M (2 (JV Qo^OO - 2Q 0 J p 1 cos K — iv <t> £ 2 cob K (j — Jt cob K) 

-+ Q U J <f> | — 2 snrK —j -p 3/ cos" K — 2A cos 3 K.Jj (9 3) 

In setting this down it has, of course, been necessary to include terms which 
result from multiplying Qp by e/fl 

Next wc change* the point of reference from to 0 3 to cj This involves writing 
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The result is 

j.?M fa (P - Q^Ol) - ‘ 2 Q(v f ~~ ~ 

_ 2 Q ^roaK — e^r 2 COB K O - A cos K) 

+ Q<f>— [i £ ( 111—~ ^ c - " K - C0B —> — jt sin 8 k) 

2j L (3 L 3 ) 

4fccOsK(/ — ^COhK) , ,, 21 r m H /n k\ 

—--- — j 3j com 2 K — 21 coB a KJ . (9 6) 


This is to be integrated over all values of j from | k — r | to fc -(- r, and we 
shall show that all the terms except the first will vanish. 


First 


Also 


f J dj (/ — A 2 — r E ) = \ (/ — A 2 — r 2 ) 2 j = 0 

J |t-r| 1 |*—r| 

j cos K — A = (/ — A 2 - r 2 )/2A. 


The vanishing of these two terms proves that we have taken the centre 
of gravity of the multiplet rightly The remainder of the terms are best 
reduced without expressing them direcLly in terms of 3 by using the relation 
0 

3 — h cos K — jlc cos K At the upper limit cos K ^ J, and also at the 

lower if £>r, but if fc<r, cos K — — 1 at the lower limit, In either case 
j cos K = I — t at the lower limit We thus have 


(■i + r 

J I fc—n 


2 cos K t j v \ , tv\ i+r 
—-— (J — 1 COB K) = fc cos z K 


- 0 


~Ato B K)_ ;WK \ 


j* + ' dj tt f - f - r ‘) COB K (j 

= 1 A[( j* - A* - r 2 ) COB 2 K - fj*' I = 0 

f dj {—j + 3/ cos 8 K — 2fc coe a K} — [ — Jj 8 -j-jl cos 3 K f =0. 

J|*-r| L -i | 4— r | 

Thus, finally, wc get as the whole refractive effoct 

(4+a)y" M i p -«^ 


(9.6) 
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wtuch means that 


„ / rp 3 . 3 \ 32 , „ r 1 
p = 0t, r 3^ + ^- ) 3 lrM Lurr 


■ + 


(J -(- V I 


(to — v)“ (lii v)"J 


0 L 


Per 

T, 


The magnetic, anomaly and the separation of the multiplet have entirely dis¬ 
appeared and we are left with the exact Lorentz expression for the gyration 
It la evident that this can be Laken over by the Correspondence Principle, ho 
as to give the name result m the quantum theory Thus for a frequency far 
from the multiplet we hmc 



which is the chief theorem we set out to pru\e 

]()_ We now work ont the clasical value for the paramagnetic gyration, sup¬ 
posing that the temperature is so high that the whole of the “ actual ’ trrm- 
multiplet is present This means that before summation the expression for the 
refractive effect is to be multiplied by 


*tI P 


r - lr -r~ 
Ir 




(10 1 ) 


which represents the second term in exp — ^;( AW, + AW m ) 

Am pointed out in § 4, there are two effects acting inseparably, the first corre 
sponding to the energy of the zero position of the level, the second to the magnetic 
energy This second effect by itself can be calculated without knowing the 
second order terms in the intensities, but the first ran not, because the [3 will 
multiply LennH m e/p and make contributions that cannot be diHregarded 
Wo thus rnuflL work out 


+ + 00 2) 


It is easy to see that to the required order there will be no Q-term The work 
follows much the same course as before and the final result is (including the 
ordinary gyration for comparison): 

( T a+a) T fcM(P -«*>-$*(*!,+|,)S ,MF «**> 

z 2 
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We observe that the magnetic anomaly and the multiplet separation have again 
completely disappeared from the expression 

The interpretation of this formula in the quantum theory is complicated by 
the presence of h 2 in front of the differential operator Since this operator is 
interpreted as giving rise to an expression symmetrical in the two states of the 
atom, it is rather natural,to attribute the presence of the outside term to the 
asymmetry discussed in § 4 By the discussion of a few examples we shall make 
a conjecture as to its exact form 

11 We shall now apply the results obtained to a few special tases The 
Hummation rule and our gyration rule are quite insufficient to fix the second 
order terms in general (the polarization rule gives no help at all), and this gives 
some interest to the partifular cases where they do suffice In the sp and pa 
doublets the summation rule determines the mutual ratios of all tho second 
order terms, but is, of course, powerless to fix their relation to the first order. 
The gyration rule, however, provides us with exactly the necessary extra 
information required 

sp Dovltlct —The following Ncheme gives the system of the lines The 
first column shows the two sets of values of the quantum numbers j, m, normal¬ 
ized as in Soinm erf eld’s Atombau In the aerond column gj is the centre of 
gravity of the doublet and (i the separation In the third column the quantities 
A E are known by the summation rule and the polarization rule They aTe 
A — 3, B — I, C -= 2, D = 2, E — 1—the |) components here used are half 
the values frequently set down 


J. m J . 

7fi 

Frequency 

Intensity 

Polar) zatinn 


1 

o> + 1P + <>i. 

A (1 + «0 t /[i) 

±, r 

i) i ^ ip 

1 

-10i 

D (1 -dO t / t S) 

ii 

i i-i. 

-1 

- JOi 

b (i - 

-c» 

1.-1-7. 

1 

d- 

B(l+Wi/P) 

-L, r 

i-i-ij. 

-1 

+ 10l 

D (1 + d( VP) 

ii 

l.-l-S. 

_*t 

— 2 

-o t 

A (1 - oOt/p) 

a,i 

J. 1-1. 

1 

« — IP — fOfc. 

- JOl 

E (1 - eOi/P) 

II 

J, 1-1. 

-1 

C (1 -cOi/p) 

-L. 1 

1. -1 - 1. 

1 

+ 50i 

C (1 + eOt/p) 

±>T 

1. -1-1. 

-1 

+ |0l 

E (1 + eOt/p) 

II 
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The aummation rule for the upper levels gives 
A<|+o0 t /p) - D(1 -dO L /p)+B(l+W) L /P) - B(l-6() L /P)-fD(lfrfO t /p) 

- A(l—ciOi/p) = E(l —c(> L /p) + C(l+cO L /p) - C(l-rO L /p) + E(I + eO l /p) l 
and for the lower levels 

A(1 -{-aO t /p) + D(l — dO L /p) + B(l--fcO L /P) + E(l—ri) L /p) + C(l— cOl/P) 

- B(l+M) l /p) + D(H- ( f() L /p)-|-A(l -aO L /p) + C(l+d) L /p) + E(I-f-eO L )/p) p 
and taking account of the \ alues of A , these give 

a — 0, b = 2 d, e -- 2r, b + 2c = 0 
Next we set down the refrac hve effect Thin will be 

A(l-h^O L /p)rP-Q(lp H #) L )] 

+ B(1 + #>O t /p)[t> - Q(^p {- ^S0 L )1 

+ C(i + 0K) L /p)[p-Q(- ip + ^o L )] (n l) 

- P[fi + (3a + b + 2c)0O L /p] - Q^0 t IV + 4(3o + h - 4c)] 

As the gyration is to be normal this must reduce to 6[r — Q ^Ol] The 
summation rule makes the P-terni eorreet For the Q-term we require that 

3a + b — ic — — 4 

This fixeH all the coefficients and we have 


ci = 0, h = — J, c = ij, f/ = — H, c — $ 

We may remark that both for the -L and the || components these results imply 
a decrease in the intensities of the outermost members of the multiplet aud an 
increase in the inner ones These changes in intensity will contribute toward 
the gradual establishing of the Paschen Back effect, quite apart from the modifi¬ 
cations of wave length 

The values a t ran also be used to determine the g) ration of a ps line when 
the actual state is, say, ]h with pi absent In this case we refer P, Q to the one 
lino at cj ■+- Jp Then the refractive effect is 

A(1 + fA/p) [P - QJOlI + B (l + 4MJ P) [P - <W0l] 

= 4P(l-0jO t /p)-Q^VOi, 

2 (a 

sothattho refraction being —p-- the gyration is 

tu — v* 


i _2v_, T( , 4vo> 

v«)‘ 


( 112 ) 


Evidently at frequencies for which |to —v|>p the first term will be the 
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important one W> shall see, however, that if the temperature is low enough 
to suppress pi, there will b& present a paramagnetic P term which far 
outweighs it 

Next we examine the paramagnetic gyration, when the " actual n state is ft 
This requires that the three terms in (11.shall be multiplied by the respective 
factors (depending on the m of the actual states) 


i - 4 


Pt h 
2ttacT ’ 


1 + <£ 


Pi h 
2tc*T ' 


1 f 4 


0 L h 
2ruT ’ 


It is evident that there is no paramagnetic effect at all 

Now take a ps line at such a high temperature thal bnthp! and p 2 are present. 
The energies are composed of two parts, one for the multiplet difference, the 
other for the Zeeman effect In the latteT we must multiply the m of each 
p level by the appropriate “ 0-factor.” J for p 2 and ] for pi, Thus thr terms ol 
(11.1) arc to be multiplied respectively by 

i-W + ^>*£r 1 -<-« + «*>*£*■ 


Multiplying out we find that the whole result is 

.[p-q^-p^AL], 

2 to 

SO that compared to a refraction —^-— we get ft gyration 

co* — V* 


o r i 2v * l 

L L(0- - V® ' w*- V* 27TffTJ" 


(113) 


In addition to the above case I have examined the sp and ps lines in the 
triplet and quartet systems, and the pd and dp lines in the doublet system. 
In all these cases the summation rules give the || components in terms of the 
±, and also certain relations between the J. components These relations 
make the F-tcrm in the gyration vanish ; it should not be hard to prove this 
generally The gyration rule fixes partially the absolute values of the second 
order terms, but is quite insufficient to determine them completely. The 
paramagnetic gyration (at high temperatures for the sp triplet vanishes like 
the doublet and for the ps lines bears to the ordinary gyration exactly the 
relation given by (11 3) This result is also evidently general for ps lines 
The case of a pd or dp doublet merits fuller discussion, because a not very 
rash conjecture enables us to discover the gyration of each of its three lines, 
and the result could be tested experimentally. The following scheme gives 
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the frequencies and intensities of the r components p is the separation 
of the p- terms, y of the (/-terms, m is the frequency of the centre of gravity 


pjf 

PA 

Pi** 

»+1-r-ie+0. 90(l+») 

I *(!+*) 



++«<>l 8(1+/) 

+ H0 L 2B(1+J) 

+ IA 27(l+r) 

+41°l •(!+*) 

+ ?i 0 L B (i+rt 



The unknowns o, b . . will be of the form a — -|~ —^0 L| etc., &b is indi¬ 

cated hy the requirement of symmetry and the presence of dfifdk in (7 1) 
Applying the summation rule wc find 

a 0 

546 -f 9d + Ge + fi g -f 756 = 0 
27c -h 8/ H 25^ — 0 

and the gyration nile gives 

y (546 + 27c + 9 d) + p (756 + 25 j) = — 3 0 L . 

Since p and y need not be commensurable this gives 

546' + 27e' + 9 d' - 0, 756' + 25 f = 0, 

546' + 27c' + 9rf' + 756' -j- 25/ = - J, (11 4) 

and all the necessary conditions are now fulfilled 
We next evaluate the paramagnetic gyration at high temperature For pd 
(p the " actual ” state) wc find for the total refractive effect 

300 (P - <3*00 - JL p*0 t {S|S - (75/.' + 25/)} (11.5) 

and for dp 

300 (P - Q*0 t } - P*0i (486 + (546" f 27c' + W")} (11 6) 

The paramagnetic terms cannot he evaluated, but their difference can, and 
gives 

300 -2=- P^. 

2n«T r 
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Now our treatment of the classical problem indioatod that associated with 


wo should have 


(t^.+ 3 ^? trM(p - Q ^° i) - 

k 2 (r ® 4_ ® \ 8 upjLr\ 


etc , here arc dynamical and require multiplication by A/2 tt to reduce them to 
numbers The expression under the differential operator is to be symmetrical 
in the two terms of the multiplet, but the ¥ m front presumably represents 
the asymmetry attached to the “actual’' state Thus we say that to an 
ordinary effect A (P — Q^0 L ) will correspond a paramagnetic effect 


2tkT 


;FW 


AP^O l 

/(MT 


where k and ¥ refer to the actual and potential states, and P (&) ~ k* 
as k oo p while / is symmetrical in k, ¥ and ~ 2k We know the exact 
values for sp, ps and the difference lor pd and dp, and these suffice to deter¬ 
mine the forms of F and /—at least assuming them to be simple They take 
their simplest form with the norniabsation in which k — 0, 1, 2 .fur s , p, d . 
and we get as the wdiole refractive effect, 

h k 2 


A [p — QM — - 


2n«T k + U 


pm] 


If this assumption is correct we have 


and thereforo 


75 A + 25j = — °>- 
J 3 p 

546 + 27c + 9d ^ — 86 -■ 
Y 


6« + 8/+ O3 = 80 ^ - 

Y 3 P 


These results Buftice to determine the gyration of the multiplet at low 
temperatures, and w t o shall conclude by giving the gyrations at low tempera¬ 
tures for all doublet systems issuing from any p-level They arc compared 
to refraction 2co/(a) a — v 2 ) where w is the frequency of the centre of gravity 
of the active lines. As usual 


P - 


7 


2v 


— Cil 


S’ 


Q 


4 VO 

(v 2 — ta 2 ) 2 



Gyration of Light by Multiplet Lines. 


335 


Pi 9 

pE* 

pid 

fid 


^-‘'(rs + siiST 1 ]' 

MMi-hi*']- 
0 ‘[(I + S I P ) Q + P (h| + 8 2 .*t)]' 


The first term in P has been set down for the sake of completeness, buL if it 
is not negligible the assumption that there is only one actual level present will 
be violated A rough calculation shows that at 500° abs. for a multiplet in 
the visible spectrum the P-term will exceed the Q at distances greater than 
100 A U from the lines It would be very hard to observe the gyration of a 
metallic vapour at all at such distances so that wc conclude that experiment 
must be mainly occupied with an investigation of the Q-temis 

Here we shall leave the matter, though it would seem probable that a more 
“refined" application of the Correspondence Principle might determine the 
second order terms precisely. In view of the expectations based on the New 
Mechanics it seems unnecessary to enter on this rather laborious process* 
What we have already obtained should suffice to show the general features to 
be anticipated in any experimental attack on the subject. 


Summary 

A general discussion shows that when light passes through the vapour of a 
substance possessing a multiplet spectrum, its gyration cannot be predicted 
without a knowledge of the second approximations m the intensities of the 
lines that the substance would emit 

The “ electron and core” model is appbed so as to fiud these approximations 
They are shown to bear ratios of the order 0l/3 to the first order terms (0l 
Larmor rotation, p multiplet separation) Of a pair symmetrically placed about 
the zero position of a line, one ih increased and the other diminished to an equal 
extent, so that the whole line is unpolarized to the second order It is vended 
that the sum of all the intensities issuing from given j and m is independent 
of j and m, 

* Just ilb this paper was completed there has appeared a work by Heisenberg and 
Jordan (‘ Z f Ph ,* vol 37, p. 2A*1) which fulfils this expectation, They have obtained the 
complete formula for the doublet system at all strengths of field, and their result confirms 
those here set down. 
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Using the methods of Kramers and Heisenberg, a classical calculation is made 
of the gyration due to the whole multiplet, when the incident light has frequency 
not very close to it. It is shown that there is an effect rather like that of 
Pascben-Back, in that the gyration corresponds to a normal and not an 
anomalous Zeeman effect, this result is true, however weak the magnetic 
field 


A Bimilar calculation i.h earned out allowing for the effect of temperature. 
Taking the temperature as so high that a first approximation will suffice, it is 
shown that the gyration is again independent of the magnetic anomaly and 
the multiplet separation, but that it now contains a “ paramagnetic " term 
inversely proportional to the temperature 

These rules can be interpreted m the quantum theory, and a few cases can 
be Bolved by their means For lines issuing from an a-level, there 10 no para¬ 
magnetic effect, and the gyration of light far from the multiplet will be exactly 
that given by a simple Lorentz di-pole. Formul® are given for the gyration 
corresponding to any of the lines issuing from either 77 -level in the doublet 
system These would be applicable to a substance where the doublet separa¬ 
tion is so large that at practicable temperatures the substance is all at one 
level. The gyration in composed of two terms, one " paramagnetio " propor¬ 


tional to 


r, the other “diamagnetic” proportional to Ol ■ 


(v frequency of incident bght, <0 mean frequency of multiplet), 
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The Distortion of Iron Crystals. 

By G. T Taylor, FRS, and C. K Elam, D Sc 

(Received July 2fl, 1026 ) 

(Plates 10-12 ) 

Experimental Methods 

In recent yours several attempts have been made to determine what happens 
to iron crystals when they are strained and various conflicting statements have 
been made aH to the connection between the crystal axes and the natme of tho 
strain No reliable results have been obtained, however, partly because the 
largest crystals available were too small for accurate experiment, partly because 
workers have assumed that planes of slip coincide with crystal planes—an 
assumption which the ex pen in cuts to be described prove to be erroneous— 
but chiefly bee ause the analysis of strain has not been carried out in a systematic 
manner so as to obtain all information possible from external measurement of 
strained ciystals 

The work of Pmf Edwards and Mr. Pfeil has now enabled us to obtain 
crystals sufficiently large for the purjKJse, and, in fact, all the material used in the 
experiments now to be described was cut from specimens very kindly supplied 
by them 

Two different methods were used for producing distortion In the first 
the material was cut in the form of a uniform bar of rectangular cross section, 
usually about 2 mm, square The length was about 10 cm , of which some 
4 cm, in the middle was occupied by a single crystal Specimens of this type 
were marked with fine scratches and pulled in a tensile testing machine. The 
distortion was measured in the manner described in our Bakenan Lecture,* 

In the second method circular discs about 6 mm diameter X 1 4 mm 
thick were cut from a crystal and compressed between polished steel plates. 
The distortion was measured by methods previously described f 

Though the methods used were identical with those developed for dealing 
with alumianyn crystals, the difference in the material necessitated small changes 

* ‘ Roy Soc Proc/ A, vol 102, p 643 (1023) 

t Taylor and Furan, “ Distortion of Crystals of Aluminium under Compression," ' Roy, 
Soo. Proc / A, voL 111, p. 521) (1926). 
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in the procedure In the first place great care had to be taken to ensure that 
the depth of the surface layer to which the crystal lattice is distorted by grinding 
and polishing was as small as possible The specimens were sawn with a fine 
saw or milled with a fine cutter They were then ground down on emery 
paper of successive degrees of fineness till at least 0 2 mm had been removed 
from each cut surface Finally all flat fares wore polished till a mirror surface 
was obtained The holder used for grinding and polishing the tension speci¬ 
mens was made, at the suggestion of Mr A Woodward, from stainless steel 
kindly supplied to us by Dr W II Hatfield 

Owing to the small si/e of the specimens it was necessary to use special 
methods for marking them The tension specimens were mounted on an 
adjustable table which could slide on a bed similar to a lathe bed A cutter 
consisting of a safety razor blade broken at roes the middle was mounted so 
that it pressed, with n weight of 10 grammes, on the specimen as it passed under 
it. In this way a fine mark of very uniform wudth could be made The 
specimens were marked with a longitudinal scratch down tbe middle of each 
face and cross scratches on all four faces spaced at intervals of 5 mm 

The marks on the compression discs had to be slightly deeper and a weight 
of 50 grammes on a sharpened gramophone needle was employed, the specimen 
being mounted on the traversing cone of our measuring microscope 

Measurement* -The most difficult measurement Jo make with the necessary 
accuracy was the angle between the faces of the tension specimens For this 
purpose the hues down the middle of each fate were used The angle between 
the planes passing through pairs of marks on opposite fares was measured by a 
method previously described * But the smallness of the specimen necessitated 
the use of a very good goniometer, which was kindly lent to us by Dr A. 
Hutchinson, FRS With this instrument measurements of the angle between 
pairs of opposite faces could be relied on to 20 minutes of are 
Methods of Calculation —The method adopted for representing the distortion 
was the same in the tension and the compression specimens. The cone con¬ 
taining all lines of particles which remained unstreUhed after the crystal had 
been distorted was determined. The difference in shape between the two 
types of specimen, however, necessitated some difference in the formal® 
used for deducing the equation of the unstretohed cone from the external 
measurement 

* Taylor and Elam, 11 Tlio Plastic Extension and Fracture of Aluminium Crystals," 
‘Boy Boo Proc / A, vol 108, p 33 (1920) 
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Equation to Unstretched Cone for Tension Specimens 
In the case of tension specimens rectangular co-ordinates were chosen so that 
one edge was the axis OZ and one face (called 
face 1) was the plane ?/ = (), The scheme is 
shown in fig 1 

The measured quantities were 

X the angle beLwecii the faces 1 and 4 
6 the width of faces I and .1 
c the width of faces l l and 4 
p the angle between rilled scratches arrows 
face 1 and the axis OZ 
y the angle between ruled scratches across 
face 4 and axis OZ 

d the distance between successive marks 
parallel to the axis of the specimen. 

Using suffixes 0 and 1 to denote the conditions before and after 

stretching, the ratio of the final to the initial length is y- — e, and let 

“o 



/«r and '/-- 1 

&0 <\i 


]f (x J( y xt Zj) are the co-ordinates in the strained 


(1) 


material of a particle whose co-ordinates in the unstrained material 
were (x 0j yo, mi), the forinul® of transformation are 
Ji = fa + ha 1 
Vi " wy 0 
h ■= y/o 4 ^0 + 

where 

t os X 1 
^Bin Xo 
sin X] 


1 = 9: 


j cot Xq 


m = g 


P 


sin > 0 
— e cot p 0 4/cot (3 1 


q = c cot p 0 cot *<i — / cot pj cot Xo 4 9 — e 

* r sin Xo sm X 0 J 

The unstretched cone is given by 

V 4 Vo 3 4^ = Xi 2 + 4 r, B , (3) 

and eliminating x J( y lt z 1 from J and 3 the equation of the unstretched 

cone lieoomeH 

»* (/“ 4 p* - 1) 4 y 2 (P 4 m 2 4 q i - 1) 4 z a (i e - 1) 

4 (fl 4 pg) 4 2zz (tp) 4 2 yz (cy) = 0. (4) 


( 2 ) 
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II spherical polar co-ordinates are used, 6 being the angle which the direction 
concerned makes with the axis of z and the angle whuh its projection on the 
plane z a* 0 makes with the axis of x, then 

x jz tan 0 cos </> 

yjz = tan 0 sin 

so that the equation of the unstretLhcd cone in its first position before stretching 
the material is 

p 2 — 1) cos* ^ -(- 2 (fl + jtq) < os <ft am <fi 

f- (f 2 -j- m- f - 7 2 — 1 ) Min 2 </>} tan 2 0 

+ {2 ap cos tf> -j- 2 ej sm tf>} tan 0 -f s 2 — 1 0 (0) 

To tind the unstretched cone m its second position, in the btie tched material, 
the simplest incthiMl is to reverse all llu* formula?, rrplai mg measurements made 
before extrusion by corresponding ones m the stretched material and wee versa. 
The formula of trnnformation are then .— 

J o “/i J 1 (- h'h 

y u -- m l y l >. ( 7 ) 

*o « Pi*i f M i -+ Vi J 
where (, — - ‘ - a — — t cut X,, etc , 

(/ 8 LQ), / 

and the equation to the unstreto hed rone in its second position is identical with 
(6) except that eath of the symbols inside the brackets has a suffix 1. 

Equation of Unstntched Cone for Compression Specimens 
The scheme of marking specimens and the methods of measurement are 
described in a previous paper by one of the authors * A photograph of one of 




Fia 2 Fio, 3 Fia 4 

Flu. 2.—Iron crystal Fe 8c before compression. Fio 3,—Fe 7o after compression to « * 0*897. 
Fia 4,—Fe 3c after compression to # = 0 840. 

• Taylor and Farren, loc. cd 
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the specimens before compression in shown in fig. 2. Figs 3 and 4 are photo¬ 
graphs taken after compression of specimens which were marked originally 
with six scratches in the square pattern 
shown in fig 2 A rectangular system of 
co-ordinates was chosen so that the origin 
was at the central point o of the nine points 
where the scratches intersect The axis OZ 
Was vertical and perpendicular to the face 
of the specimen OX was along one of the 
central scratches and OY was perpendicular 
to it The directions of the axes are shown 
in fig D 

Measurements were made of the amount 
the material had stretched in the directions of the two sets of scratches. The 
ratios of the final to the initial length in those two directions are called at 
and p* respectively If the final and initial thickness of the specimen 
between its plane faces are and f 0 » the compression is measured by y — tjto- 
The angle between the two sets of scratches iH Xu before, and Xi after, compres¬ 
sion The co-ordinates of the central mark on the under side of the specimen are 
(X u , Y 0 , —t 0 ) before and (X r \\ — f x ) after compression The formula} of 
transformation are 


Y 



where 


J ! ^ x.Tu ly □ [ (IZq 

Ui +■ vz 0 

z l ^ Y*u 

/ ^ P ——— d cot Xo 
am Xo 

m=p s -^ 

smXo 

__ X, — ttXq —IYq 
* " — <0 
v — Y,-mY, 



( 8 ) 


(») 


* This notation is the same as that adopted in the previous work on compression 
tests. It usea some symbols which have already been used In other senses in this paper 
in connection with tensile specimens, but no oonfuslon need arise. 
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The equation of the unextended cone in its first, or unstrained, position is 
{(a B — 1) coe a <fi + (m a -|- l a — 1) sin* $ 2a/ coa <f> sin tan* 0 

+ { 2 ap cos tf> + 2 (l\i + ffiv) mn $ tan 0 + y a + V* 4 v“ - 1 = 0 , ( 10 ^ 
where 0 and ^ are Hpherital polar ro-ordinatoB which bear the same relation 
to the rectangular co-ordinates x, y, z as they did in the case of the tension 
specimens (see equations 5) 

The moat convenient method for finding the equation to the unextended 
cone in its second position in the compressed material is to replace in formulae 
8 , 9 and 10 measurements made before compression by those made after and 
vice versa As in the case of tension specimens, suffixes are ad fled to the 
coefficients m the transformation formnl® These then become —- 


x n — d 1 r l + hy* + M-ri 
yo = W'iyi f v L z L y 

z o Yi z i 


( 11 ) 


In Table 1 is given a list of the data used in tabulating the unextended cones 
for three extension and four compression specimens In the cose of Fe 1, the 
first of our tension specimens, the methods of calculation described in our 
fiakenan Lecture were used In the case of all the other specimens we used 
the methods described in the present paper 


Representation of Vnatreickcd Cones 

The unstretched cones are represented by means of a atereographic diagrnm 
of which the centre is the axis of Z (0 = 0). The axis of x (0 -*= 90 degrees, 
<f> 0) is represented by a radius marked in each of figs. 6 to 15 

Tho symbols common to all diagrams are explained in fig 1. Points on the 
cone are found by taking values 0, ± 30 degrees, ± 00 degrees and 90 degrees 
for 0 and calculating the two corresponding values of 0 from the equation to 
the cone 

Measurement of Orientation of Crystal Axes. 

The orientation of the crystal axes was determined by the methods used 
previously in the case of aluminium crystals.* 

The a radiations from an iron unticathodc were reflected from dodecahedral 
{110} planes m the crystal, the angle of reflection being 28 -9 degrees. In the 

p See MUller, 1 Boy. Soc Proc / A, voL 105, p. 500 (1924), md Taylor and Fsiren, “ Dis¬ 
tortion of CryBtala of Aluminium Under ComprewLoD,’ 1 1 Roy. Hoc Proc,, 1 A, yo). lll t 
p 529 (1925) 
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case of aluminium, where reflei tious were obtained from fill} and {100} planeB, 
two were sufficient to determine the orientation of all the axes, but in the case 
of iron two planes are not sufficient to determine the rest rompletcly unless 
they are at right angles to one another When two {110} planes making an 
angle of 00 degrees have been found, they determine a {111} plane, but there 
are two alternative positions for the crystal lattice, and in this case it is necessary 
to find another {110} plane, not in the same (111} plane as the first two In 
the case of the tension specimens it was not always possible to get inflections 
from three crystal planes owing to the limitations of the apparatus, but the 
ambiguity was resolved by cutting the specimen and polishing a plane perpen¬ 
dicular to the axis, after the test was finished It was always possible to get 
a reflection from this new face and so tn remove the ambiguities in the case of 
the distorted material Since the motion of the (110} planeH relative to the 
surface of the specimen during the distortion was nnt large and was moreover, 
related to the distortion no difficulty was encountered in identifying planes 
in the distorted specimen w ith those measured in the specimen before distortion 
In this way the ambiguity was resolved in every case 

Results of Ej tension Tests 

Three spec miens were stretched , Fe 1 was extended 15 per cent, Fe 3 and Fe 4 
each about 9 per cent It was found that they do not stretch very uniformly, 
a variation of 1 per cent or even 2 per cent m a total of 9 per cent being found 
between the extension in successive 5 mm lengths of the specimen In order to 
make the best use of the measurements two or three sections 5 mm long were 
taken in the part of the specimen where the stretching appeared to be moat 
uniform The measurements in these sections were averaged and used in the 
calculations The figures given in Tabic 1 are derived from these averages 
In each case the unstretched cone was calculated for both positions,! e , before 
and after stretching. The orientations of the crystal axes were likewise deter¬ 
mined before and after stretching 

In figs 6 to 11 the unstretched cones are represented on atereographic diagrams, 
each of the calculated points being shown by a round dot. On examining these 
diagrams it w r as found that the unstretxhed cones in every case coincided almost 
exactly with two planes In each of the diagrams the pair of planes which 
passes most nearly through the calculated points is shown by means of two 
great circles 

This type of distortion was already familiar to us, It can be caused by 
uniform shearing or slipping parallel to either of the two unslretrhed planes 

2 a 
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in a direction nt right angles to their line of intersection * Accordingly the 
point on each of the planes which corresponds with a possible direction ot slip 
was marked on the diagram with a cross and the pole of each possible plane of 
slip was marked also 





The positions of the crystal axes were next determined from the X-ray 
measurements and marked on the stereographic diagrams From inspection 
of six diagrams similar to those showD in figs 6 to 11 the following deductions 
were drawn .— 


* FUkenan Lecture, be. cti , p. 667 
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(a) In each case one of the two alternative possible directions of slip was 
close to the pole of a {ill} plane The spherical polar co-ordinates of the pole 




of the {ill} plane and the t orrosponding possible direction of slip are given in 
Table 11, and arc marked in each figure by means of the symbol A* and the 
direction of slip is represented by a cross X 

The serund possible direction of slip that marked at D m fig. 6, but not 
marked in the rest of the diagrams-- seemed to bear no relation to the crystal axes. 

(6) The crystal axes move during the distortion so that they are nearly 
fixed relative to that one of the pair of unstretched planes which contains tho 
pole of the (111) plane mentioned in ( a) They move in the opposite direction 
to the other unstrekhed plane 

The material beha\es therefore lioth in regard to the motion of the crystal 
axes ami in regard to the total distortion as though this distortion were due to 
slipping on a crystal plane and in a direction parallel with the perpendicular 
of a {111} plane It remains to disroier how rhe plane of slip is related to 
the crystal axes In an attempt to solve this question the pole of the plane 
determined by distortion measurements was marked on each diagram These 
are shown at F in tigs 6 to 11 and an arc representing a portion of the (Ill) 
plane, which is nearly prpendicular to the direction of slip determined by 
distortion measurements, is also drawn The plane contains the poles of three 
(110}planes and three [112} planes In each diagram the poles of two (110} planes, 

* fn fig. 6 the particular octahedral plane referred to is given the symbol (111) in order 
to conform to the convention* of crystallography 

2 A 2 
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(101) and (110) in fig 6, one either side of F, are represented by the symbol (V) 
and the pole of the intermediate {112} plane, (211) in fig 6, is represented by the 
symbol (h) It will be seen that in the case of Fe 4 the pole of the plane of slip 
coincides almost exactly with the (211) plane so that the plane of slip coincides 
with this plane On the other hand, in the case of Fo 1, the pole of the plane of 
slip is 14 degrees away from the pole of the (211) plane, i,c , almost exactly 
half-way between the poles of the (101) and (2J1) planes, In the cose of Fe 3, 
P is nearer to the pole of the (101) plane than to the pole of the (211) plane 

It appears therefore that the distortion is surh as can be produced by slipping 
parallel to a plane of particles in the material and that the direction of slip has 
a definite relation to thp crystal axen, hut that the plane of slip is not a definite 
crystal plane at all On the other hand, the plane of slip docs appear to be 
related to the distribution of stress The pole of the slip plane lies dose to the 
plane which contains the axis of the specimen and the direction of slip Ill 
each of the diagrams figs 6 to 15 the straight line whic h represents this piano 
is shown as SM If it- were accurately true that P in every ease lies, as it does 
in fig 8, on SM, then it would mean that of nil possible planes through the given 
direction of sbp, slipping occurs on the one for which the direction of slip lies 
along the line of greatest slope in the slip plane, the axis of the specimen being 
supposed vertical 

Metallurgists are familiar with the conception of a plastic material which 
yields by slipping or shearing on a plane parallel to (he plane of maximum 
shearing stress, and they have recently become famdiar with the conception of a 
plastic crystal which yields by slipping on a crystal plane and in the direction 
of a crystal axis, the choice among crystallographic ally similar types of slipping 
being determined by the stress distribution The conception now put forward 
is quite different from either of these The direction of slipping is a crystal 
axis and the plane of slipping is determined chiefly by the stress distribution. 

ComjtTes#ion Eij)rrtnu h n(s 

Before going on to consider how this kind of plastic yielding could arise wo 
shall describe further experiments in which the question ih examined by means 
of a method which permits of much greater accuracy than w>as possible in the 
experiment we have bo far described The chief sources of error in the exten¬ 
sion experiments were attributable (a) to the fact that the stretching of the 
specimens was not uniform, and (6) to the difficulty of determining the position 
ol the specimen relative to the X-ray spectrometer in which it was fixed when 
measuring the orientation of its oryfatal axes In regard to (6) the accuracy 
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of the X-ray dctcrmin&tionH relative to the spectrometer can be judged by the 
fact that the angle between two crystal axes never differed by more than 
2 degrees and seldom by more than 1 degree from the angle required by the 
cubic symmetry of the crystal The accuracy of the distortion measurements 
can be gauged from the accuracy with which the points of the unatretched cone 
line on two planes and from a comparison of the volume of the specimen before 
and after stretching It is improbable that the calculated direction of slip 
iti in error by more than 3 degrees On the other hand, there seems to be 
a possibility that an error of 5 or ti degrees may o< t ur in determining the position 
of a tension specimen in our X-ray spectrometer This position is determined 
cither by rotating the specimen till the line of sight lies along one face when 
looking through the holes which confine the beam of X-rays or else by 
adjusting the X-ray spectrometer till the axis of rotation of the table is in the 
plane passing through the vertical scratches on opposite faces The accuracy of 
both these methods depends on the smallest dimension of the cross section of 
the specimen, which, for various reasons could not be greater than about 
1 5 mm The first method is also liable to inaccuracy owing to the rounding 
of the fates due to jKilishing and to Lhe unevenness of the surface when the 
material has been stretched The second method depends on a high degree of 
accuracy in the axis of the turn-table of the spectrometer With our X-ray 
spectrometer tins source of error was appreciable, but the measurements of X 
used in our distortion calculations were made with a first-class goniometer the 
axis of which was quite good enough for our purpose 

The use of compression specimens reduces these sources of error till they are 
leas than the other errors to which both types of specimen are liable. In the 
first place, the diameter of the flat faces on which the measurements are made 
are three times as great as the thickness of the largest tension specimen we ore 
able to use In the set ond place, the conditions of the experiment kept the faces 
flat and parallel during compression Hus last jioint is important because it 
Was sometimes found possible to obtain extraordinary uniformity of distortion 
through the whole volume of a compression specimen The photographs shown 
m hgs, 2, 3 and 4 illustrate this Fig 2 shows a specimen before distortion 
marked in squares Fig 3 shows Fc 7r after compression till its thickness was 
*e — 0 897 of its initial thickness, t c, a compression of about 10 per cent 
* The symbol r la here used to denote a state of the material, 1 1 * the total amount of 
compression the crystal hits undergone nuico It was formed The symbol y is used to 
denote the ratio of the thickness at the end of any experiment to that at the beginning, so 
that d t, is the unstrained thickness, t t that after one compression and t, that after a second 
compression, t, is the value of y used in calculating the unatretched cone for the second 
compression After the first coniproasiun r - ijt m and after second compression f — (,/(* 
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It will be seen that after coni press] on the ruled lines remained straight Fig. 4 
Bhows a specimen Fe 3c in which the ruled scratches were so straight and so 
nearly parallel after compression to 84 per cent of its initial thickness that we 
were unable to detect any want of uniformity.* 

In some of the compression specimens the distortion was not quite uniform, 
the ruled scratches becoming slightly bent or curved In some of these cases 
it was possible to say that the want of uniformity arose from imperfections in 
the crystal which only came to light when the specimen was compressed. In 
all cases where there was an obvious lack of uniformity in distortion (three out 
of the nine specimens tried) the specimen wbh rejected after compression* In 
order to save the great waste of time which the determination of the crystal 
axes of the rejected specimens would have entailed, the orientation of the 
crystal axes was not measured before compression The crystal axes of the 
four specimens Fe 3c, Fe 5c, Fe 6c And Fe 7c, were determined after compression 
and the. second (distorted) position of the unextended cone was calculated in 
each case. The equations to the cones and also the data used in calculating 
them are given in Table 1 

Table I—Measurements and data from which unstretched cones were 

calculated 

EdUmnon 

e,/, l* m > V' ? are U(,n dimensional [V J3„ y 0l To *0' *i atv angles, and are 
expresHcd in degrees 

Fe I —e- I-150,/ = 0 9894, g 0 9000 fj„ -= MO Odegrees, ^ 92 9degrees, 
Yo 89 9 degrees, yi = 85 5 degrees, Xo -- 90 0 degrees, = 
84 3 degrees 

Fe 3-e -- 1 0915, / - 0 9748, g - 0 9481, p 0 -- 90 0 degrees, ^ = 
89 8 degrees, yo — 90 0 degrees, y, -- 89 fl degrees, > 0 — 89 9 degrees, 
Xi = 94 0 degrees. 

I — — 0 0679, m — 0 9460, p - 0-0034, q -- 0 0033 

Unstretched cone in first position is- - 
(0-0498 cos 1 <f> -\- 0*1325 cos sin + 0*0992 sm a tan 2 0 

4- ( — 0 0074 cos ^ - 0*0072 sin tan 0 -0-1914 0. 

* This specimen was originally circular, but three flats were ground on ita curved edge 
for a muon which will be explained later, no that Lho plan form is not elliptical, os is always 
the ca*e when a circular disc is compressed 
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In second position it is— 

(0 0525 cue 3 <f> -|- 0 1508 r os <ft win tj> 0 1229 am 2 tan 2 0 

| (— 0 0059 cos «/> — 0 0062 sin <£) tan 0 — 0 1606 — 0 

Fc 4 — e — 1 0879, /= 0 9:179, (} -- 0 9856, p 0 - 90 0 degrees, p, = 
93 1 decrees, Yu = 90 0 degrees, Y] “ 90 9 degrees, — IX) 0 degrees, 
>,j - 93 6 degrees 

t — -0 0618, m - 0 > 9836, p = - 0 0552, 7 — — 0 0147 
ITnatrelched cone first position is-- 

(0 117*1 cos 2 <f> -j- 0 * 1144 ( on <f> Mil <f> \ (I 0275 sin 2 <f>) tan 2 0 

h (0 1202 cue 0 | 0 0320 sin c ft) tan 0-0 18*35 -= 0 

In second position it is 

(0 1197 cos 2 ft \ U 144(> cob <f sin (f f- 0 03H] Bin 2 tf) tan* 0 

4- (0 0992 cos f) 0 0,311 sin <f>) tan 0 - - 0 1551 — 0 

Comyrestnon Testa 

X 0 , Y 0 , X lf Yj, (q, t i are expressed in millimetres a, (3, y, f, w, H. v arc 
non-dimensional 

Ke 3c - -First compression from c =*- l 0 to e — 0 908. 

oi y --- 0 9117, fa 0 9988, r . — 1 1022. X„ =-_ 0 118, Y rt - -f U 111, 
Xj — -0 069, Y, - | 0 114. 1y --- + 0 0207, m, - \ 0 9994, 

ja, = 10 0385, V, - { 0 002, / 0 - 1 6‘10, I, _ 1 479 

Second poaitiun of uns l retched cone is— 

(0-1690 cos 2 xf - 0 0378 cos <f> sin <f> +0 0008 sin 2 <f) tan 3 0 

(- 0 0702 cos 4> - 0 0050 sin 0) tan 0 - 0-2162 - 0. 
Total compression from z ^ I 0 to e — 0 840 
Fe 3c - ^ -0 8400, p t -0 0954, Yi - 1 1915, X 0 - - 0 11 H, Y 0 - + 0 111 , 
X t -- -0 078 Vy - 0 11 G, ! l =s f 0 0172, w, = 4 0-9971, 

[Ly -4- 0 8417, v, - 0 004, t 0 - 1 0*30, 0 1 368 

Second position of unstretched cone is— 

(0 2843 00 s 2 <f) - 0 0798 ( os <f> sin <f> 1 0 0030 W 2 <f>) tan 2 0 

4- (— 0 0701 cos tf> - 0 0119 sin xf) tan 0 - 0 4214 —- 0. 

Fe 5 c,—Compression from e — 1 0 to e — 0 888 

^ 0 9966, p, — 0 8898, T i =- 1-1268, X 0 - - 0 042, Y 0 == + 0 002 , 
X x = -0 051, Yy - -0*119, /, - 0 0346, = 4 0*8903, 

H! - 0 0036, Vj = - 0 0825, f 0 - i *475, t x 1 309 
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Table I—(continued) 

Second position of unstretohed rone is— 

(0 00677 cos 2 ^ + 0 0689 roe ^ am + 0 2064 sin* <f>) tan* 0 

-f- (0 0076 cos <f> ] 0 1466 sin <f>) tan 0 — 0 2665 = 0 
Fe 6c — Compression from c = 1 0 to c — 0-902 

«!-0 9951, Pj ^ 0 9078, y, ^ 1 J083, X 0 - - 0 036, Y n — - 0-171, 
X, - 0 045, Yj — - 0 226, /, ^ fO 0275, m Y = -f 0 9082, 

pj =- - 0 0J06, vj — - 0 0243, to - 1 575, t x — 1 421 
Socoml position of unst retched cone is — 

(0 fX)98 cos 4 4> - 0 DM8 cos ^ sin 0 [ 0-1744 sin 1 0) tan 2 0 

-f (0 0211 cos ^ H 0 0447 sin <f») tan 0 -- 0 2290 ^ 0, 

Fe 7c —(‘imipreasion from e ~ 1 -U to e — 0 897 

aij — 0 997, p t 0 894, y, — 1 115. X 0 ^ - 0 016, Y 0 ^ - 0 027, 

X, - -0 025, Y, -- — 0 113, f, - f 0 0204, m l - + 0 894, 

Pi --- — 0 -009, v 4 -= () 072 ^ -= 1 340, t, I 202 
Second position of unstretched cone is 

(0-006 cos 2 tf> — 0-041 cos <f> am </> | 0 201 siu 2 tan c 0 

4 (0 018 cos <f> f 0 129 si u <f>) UdO- 0 248 -= 0 


Ri'huUx of Compression TvMs 

Stereograph k diagrams for the < ompression tests similar to three used in 
the case of extension specimens are shown m tigs, 12 to 15 It will be seen that 
they give the same result as Ihe tension tests In each case the point S, which 
represents the direction of slip deduced from the distortion measurements, lies 
very close to the triangle which marks the position of n pole of a 1111} plane 
determined by X-rays The improvement in the accuracy of the measurements 
has produced a corresponding improvement in the agreement between these Lwo 
directions This is shown in the second half of Table If, where it will be seen 
that the maximum angle between them is only 1} degrees Figs 12 to 15 and 
the third column of Table III show also that the plane of slip is not a definite 
crystal plane, but that, as in the case of the tension specimens, it is nearly 
perpendicular to the vertical plane which passes through the direction of slip 
and the axiR of the specimen In the diagrams thin plane is represented by u 
dotted line 8M It will bo seen that for each of the four compression specimens 
the pole of the plane of slip is inclined through a small angle away from the 
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plane SM towards the pole of the nearest [112] plane and therefore away from 
the pole of the nearest f 1 i0} plane The measured values of this small angle 






are given in column 4 of Table ill Its maximum value is unly degrees, but, 
on the other hand, an error of this magnitude could not have occurred in our 
measurements, ao that the effect represented by it must he a real one 

The conclusions to be drawn from these results are that slip can occur on 
any plane, not necessarily a rrjstal plane, which passes through the normal 
of a {111} plane The fact that the pole of the slip plane is so close to the plane 
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Table II.—Co-ordinates of direction of slip and normal to {111} plane. 
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KM seems to show that the resistance to shear does not vary much, as the plane 
of slip takes up different positions round the pole of the {111} plane The fact 
that the pole of the plane of slip is inclined through a small bub measurable angle 
away from the plane SM and towards the polo of the neareflt{112} plane seems to 
indicate that the resistance to slipping is rather less on planes near {112} planea 
than it is on those in the neighbourhood of (110) planes 
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Mfchaniitn of Shp ir# Iran Crystal* 

The question now arises how it mn happen that a matx rm! can sh]» parallel 
to ft crystal axis but on a plane which ih rolaled to the directum of stress rather 
than to the* orientation of the crystul axes Y\ here slipping ex ours on a crystal 
plane, an it doe a in all metals which have been examined in the past, the dis¬ 
tortion may be represented by a model consisting of a pack of cards capable of 
sliding over one another, the cards being ribbed or groo\ed so that they can 
only slide on one another in one direction A corresponding model for repre¬ 
senting the distortion of iron crystals might loiihihI of a bundle of rods or pencils, 
and in order that there may be three-fold symmetry about their axes they might 
be hexagonal in section * 

Another way in which we could concci\e the distortion of iron taking place is 
by slipping on two crystal planes which both pass through the normal of the 
{111}plane, the direction of slip on each of them being parallel to their line of 
intersection Such planes might be two {110) planes nr two (112) planes Hy 
adjusting the ratio of the amount of slip on one plane to that cm the other the 
total distortion can be equivalent to slip on any given plane through their hue 
of intersection 

It is impossible to distinguish between these two hypotheses by distortion 
or X-ray measurements On the other hand, an examination of the slip lines 
which appear on a polished surface* of the crystal when it is strained ,seems to 
furnish the clue required In each of the tensile specimens these slip lines 
appeared They w'ere not straight, but, cm the other hand, they appeared t« 
run in a definite direction, and measurements of this direction could frequently 
be repeated in different parts of the sail c face with a probable error of about 
2 degrees Figs HI, 17 and 18 show typical examples of the lines m parts of 
the specimens where they are free from imperfect luus in the crystal In many 
parts these imperfections make measurement of slip lnu s impossible, but home 
reasonably good measurements were obtained in the case of crystals Ke 3 and 
Fe 4, The orientation of the slip linen on two faces of Fe 4 and on two fates 
and two extra flats ground on the corners in Fe 3 are represented by the symbol 
0 in figs 9 and lit It will be seen that they lie close to the plane of slip in 
each cose. In Table IV are gnen the measured values of the ftngle between 

* Such a model cannot uithcml. modified I Ion fully represent the crystal because a cubic 
crystal like iron has no hexagonal axis of symmetry, but only trigonal, c e , axis through 
diagonal of rube which la threefold For the present purpose, however, thia point is 
Immaterial 

t These two flats ore not those referred to later, p 3G8 
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the axis of the specimen and (a) the slip lines, (5) tho trace of the plane of slip 
determined by distortion measurements on the face of the specimen, (c) the trace 
of the nearest (110} plane, (d) the trace of the nearest {112} plane, (e) the trace 
of the second unstretched plane determined by distortion measurements It 
will be seen that the maximum angle between the slip lines and the trace of the 
plane of slip ih 4 degrees This is Icbs than the errors of measurement in the 
case of slip lines on the face of tension specimens On the other hand, the 
maximum angle between slip lines and the traces of crystal planes are 31 degrees 
in the case of the nearest (110} plane and 26 degrees in the case of the nearest 
{112} plane 

Table IV 
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It appears, therefore, that the slip lines murk the intersection of the plane of 
slip determined by distortion measurements with the surface of the specimen 
They have no relation to the crystal planes except, us in Lhc case of Fe 4, where 
the plane of slip happens to coincide with a crystal plane owing to an accidental 
clement of symmetry in the original orientation of the crystal axes in the speci¬ 
men It will be seen later that this result is confirmed with considerable 
accuracy in the compression experiment* 

It is worth noticing that the slip lines confirm our identification of one of the 
two unstretched planes determined by distortion measurement as the plane of 
slip This ih shown clearly by the figures in rows a, b and c in Table IV, where 
row e shows the position of the trace of the second unstretched plane on the 
surfare of the specimen It seems, therefore, that if we had no X ray measure¬ 
ments, we should still be able to make our choice by observing slip lines In 
fact, the information furnished by rough indications of slip lines on the curved 
surfaces of the compression discs were used in our later measurements to guess 
which of the two planes was the slip piano and so to limit the range of setting 




Distortion of Iron Crystals 


355 


angles employed during our Hearth for positions of the specimen in which X-ray 
reflections could be obtained Much labour was saved in this way, the search 
for these positions being very laborious 

J filerjm l at ton of Jtc&ulls 

We are now in a position to interpret our results In the first place, we can 
reject the hypothesis that the distortion is due to slipping on Iwu or more 
crystal planes passing through the Dormsd of a {1 i 1J plane This hypothesis 
would explain the nature of the distortion and the position of the crystal axes 
in relation to the slip phenomena, hut it is contrary to previous experience 
with other metals In the easGH of aluminium, copper, silver and gold,* planes 
of slipping which arc crystal planes have been proved to exiHt when a bar of the 
material ih Btretchcd The material dips nn one crystal plane only till the 
change m orientation of the crystal axes, as the distortion increases, bring 
another crystalloprophieally similar plane into hucIi a position that the two 
planes are symmetrically placed with respec t to the direction of stress Slipping 
then occurs on both planes In Lhe ease of iron, the two planes of slip required 
in the hypothesis we arc discussing would not, except in spcrinl accidental 
circumstances, be similarly orientated in relation to the axis of the specimen, so 
that the shearing stress on one plane wuuld be different from that on the other 
We should, therefore, expect slipping on one plane only, namely, that for which 
the shear stress was the greatest 

On occasions when slipping on two planes has been proved to exist, i.e, 
when the two plaiien are syminctrii ally plated, we have sometime^ been able 
to observe slip lines and in each case there have been two acts of lines crossing 
one another. Observations of thin hind have also been made in the cast of 
single crystals under alternating stresses | 

Among our iron crystals we had one example in which the axis of the specimen 
lay very nearly in a {100} plane so that the normals of two {111} planes, »c, 
two possible directions of slip, were equally inclined to the axis of the specimen. 
Oil stretching this crystal two sets of slip lines appeared crossing one anothir. 
It appears therefore that double slipping occurs in iron when the shear stress is 
equal on two possible planes of slip, and that when it does occur two sets of 
slip bnea appear on the surface In all cases where the crystal axps were not 

* The case of aluminium m treated in our Bakensn Lecture, loc nt The oases of copper, 
itfyver and gold which have lattices similar to aluminium will be treated in a paper l»y one 
of ua which will be published shortly 

t Gough, Hanson and Wright, * Phil Trans ' (1925), 
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symmetrically placed with respect to the axis of the specimen, only one set of 
slip Jines was observed, and that set did not coincide with any crystal plane 

The weight of evidence is therefore strongly against the hypothesis that the 
distortion is due to shp on two crystal planes 

There remains the hypothesis that the crystal does not divide itself into sheets 
when a shearing stress is applied but into rods or pencils It is clear that Any 
uniform distortion of such a system due to slipping of the rods on their neigh¬ 
bours must be a uniform shear with a plane of slip which contains the direction 
of the length of the rods, but may be in any orientation round this direction 
If these rotls were of molecular dimensions and if the shear were uniform right 
down to molecular dimensions, so that every rod Imre exactly the same relation 
to its neighbours as every other rod, auy marks or slip lines which could appear 
on the surface of a strained crystal would depend on the shape of the rods and 
their relative positions, not on the direction of the plane of slip. This can be 
cosily understood by thinking of a model Fig. 19 is a photograph, taken from 
above, of a bundle of hexagonal rods standing with their axes vertical These 
rods pack together so as to fill a volume without mterstires The ends of the 
rods are all cut square (ip, at right angles to their axes) and before distortion 
they were all nt the same level so that the end of the bundle was a plane per¬ 
pendicular to the axes of the rods Owing to the fact that the rods were accurately 
made, the outline of the hexagonal ends could not bo seen before distortion, 
The bundle was given a uniform shear by sloping the board on which it was 
standing. The direction of the trace of the slip plane on the plane of the ends 
of the rods is shown as a line below the photograph The whole bundle was 
Lighted obliquely so as to show up the projecting parts of the surfaces of Blip. 
It will be seen that the “ model slip lines " which appear on the surface arc 
traces of crystal planes on the plane end of the bundle The orientation of the 
plane of slip which would be determined by external distortion measurement 
may a fleet the relative brightness of these 11 model slip lines, 1 ’ but not their 
direction. 

As a matter of fact, the distortion of whioh fig 19 is a model cannot occur 
because it would involve an alteration in the spacing of the atoms in the crystal 
lattice, which X-ray analysis shows does not occur. In any distortion large 
bundles of rods must stick together. When they Blip they must shp at least 
one atomic distance along the direction of slip—they may slip much more. 

In the model one atomic distance is represented by a given fraction of the 
diameter of each rod In order, therefore, to see what the model looks like when 
it is forced to shoar in such a way that the slip of each rod on its neighbour is 
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one atomic distance at every point where there is any slip, the sloping board 
which produced the effect shown in fig 1ft was replaced by a pile of drawing- 
boards the thickness of each of which represented one atonur distance These 
were arranged in steps ho that the slope of the plane which touched the edges of 
all the steps was the same as that used in the first experiment The model 
was then placed on the steps with the rod* vertical and they were pressed down 
as far as they would go Fig 20 shows a side view of the model in this position 

Fig. 21 is a top view of the bundle of rods m the same position as they occupied 
when the photograph for fig 20 was taken The point of view, the method of 
illumination, the amount of shear and the orientation of the plane of slip arc 
identical with those applicable to fig 1ft It will be seen that the “ model 
sbp lines 11 are very different from those shown in fig. 19 In general they run 
parallel to the trace of the plane of slip which is marked below the photograph. 
Neglecting the details of their structure in genera) direction, they are straight 
lines which have no connection with crystal planes, but when examined in detail 
they have a jagged appearance It has been known for a long time that slip 
lines on the surface of iron crystals are not straight in detail We have found 
that when single crystals are strained so that the shear is uniform throughout 
a finite volume, the general direction of the slip hues can be found with fair 
accuracy, and this direction is constant ovei the whole of a flat surface ground 
and polished on the outside of a crystal. We have already shown that this 
direction coincides with the trace of the plane of slip derived from distortion 
measurements It appears, therefore that our model does in fact reproduce 
with remarkable accuracy all the facts connected with the distortion of iron 
crystals which we have brought forward 

Prediction of Variation m Character of Slip Lines with Orientation of Plane of 
Slip to Surface of Specimen. 

The success of our model in fitting together the known facts about slipping 
in iron crystals naturally led us to consider whether it would enable us to predict 
any hitherto unknown properties of iron The prediction which seemed most 
suitable for immediate verification was a possible variation in the character of 
the slip lines with changes in the orientation of the surface of the specimen in 
relation to the direction of slip. It will be seen that whatever the form of the 
bounding surface of the individual rods of the model may be (in our model 
they were hexagonal, but that is not essential) the' jagged elements of the lines 
of sbp will flatten out and approximate to the general direction of the slip 
lines which will therefore become almost straight when the surface of the 
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specimen is nearly parallel to the direction of slip In the limit when the 
direction of slip is in the surface of the specimen, the slip lines should appear 
quite straight provided that the surface is flat and that the lines can be 
made visible Conversely, the moBt jagged slip lines may be expected 
when the surface of the sj**cimen is most nearly at right angles to the slip lilies. 

In order to test this prcdu tion one of the extension specimens, Fe 3, for which 
the orientation of the direction of slip had already been worked out from dis¬ 
tortion measurements, was taken, and two of its edges were ground down in 
such a way that two new fares were formed Both were parallel to the ana 
of the specimen and one of them was also parallel to the direction of slip The 
second was perpendicular to the first, so that it made the greatest possible angle 
with the direction of slip The specimen became therefore a prism whose 
section was an irregular hexagon Referring to fig 9, it Will be seen that the 
dotted line SM represents the orientation of the first of these new faces This 
line makes an angle of 57 degrees with face ], which corresponds with the axis 
<f) 0 Accordingly the new fftLeH were ground at angles of 57 degrees and 147 

degrees with face 1 The faces wore then polished and the specimen again 
extended. Fig 22 shows the appearame of the slip lines on the new face cut 
parallel to the direction of slip, while fig 23 shows the slip lines in the face cut 
at 174 degrees to face 1 It will be seen that our prediction is verified in a 
most striking manner The slip lines in fig. 22 are remarkably continuous, 
they are also straighter than any others we had obtained before, aa can be seen 
by comparing fig 22 with figs 16, 17 and 18 The vertical lines in figs 22 and 
23 arc due to irregularities in the surface of the specimen which we attribute 
to somewhat inexpert polishing It will be seen that the small wobbles in the 
slip lines shown in fig 22 are associated with these grinding and polishing marks. 
If the surface had been flatter, the slip hues would have been even straighter 

The slip lines shown in fig 23 axe, as we predicted they should be, more 
jagged or curved than any of the others In order to confirm this result we 
ground new faces on another specimen—this time a compression disc, Fe 3c. 
The specimen was first, compressed to r = 0-908 The distortion at this stage 
was calculated and the direction of slip in the distorted specimen found It* 
co-ordinates were 6 = 52 degrees, = 354 degrees. Three flat faces were 
then ground on the curved surface of the specimen so that they were all parallel 
to the normal to its upper and lower faces. Two of them were parallel to the 
direction of slip, i e , they were parallel to the plane ^ = 354 degrees The 
thud was cut at right angles to these so that its equation was ^ = 84 degrees 
These extra flat faces are seen In the photograph fig 4, and the relation between 
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them and the coordinate axes is shown ill fig 12, where an outline c opy of fig 4 
is Bhown in position on the Btrrrogmphic diagram representing the distortion 
of Fe 3c 

Tlio specimen was next compressed to c —- 0-840 Fig 24 shows the appear¬ 
ance of the surface ground parallel to the line of slip Some difficulty was 
experienced m showing any slip lineH at all on this surface mid careful arrange¬ 
ment of the top illumination was necessary It will be seen that the slip lines 
arc extraordinarily straight Their direction can be measured to 0 5 degree. 
The inclination of the slip lines to the trace of the flat top of the specimen was 
found to be 37 degrees, so that their inclination to the normal to the flat top was 
53 degrees This direction is Bhown in fig, 12 as the shaded circle S, The 
inclination of the direction of slip is given in Table II. It is 53 degrees, so that 
there ib perfect agreement between the slip lines and the trace of the slip plane 
Kg 25 shows the slip lines on the flat face <f> = - 84 degrees It will be Been 
that they are jagged or curved as our theory led us to predu t, but that it is 
possible to measure their general direition vnlh a probable error of about 
4 degrees. This direction happened to be parallel to the trace of the flat top of 
the specimen Its position is represented by the point A in fig 12, 

Fig 20 shows the slip lines which appear on the tup surface of the specimen 
(the surface which had been in contact with the sheet plates during com¬ 
pression). It will be seen that here again they are very nun h bent, but that 
their general direction can be determined with a prohable error of about 
3 degrees. This direction, which was measured as </» — 80 degrees, is marked 
on the Btereographic projection of fig 12 at B Again, the plane of slip 
coincides to the limit of accuracy of our measurements with the general 
direction of the slip lines. 

Conclusion. 

The final result of this work is to show that the mechanism of distortion in 
iron crystals is subject to laws which are quite different from those which 
govern the slip phenomena in any metal hitherto investigated The particles 
of the metal stick together along a certain crystallographic direction and the 
resulting distortion may be likened to that of a large bundle of rods which slide 
on one another The rods stick together in groups, or smaller bundles of irregular 
crons section , and the slip lines which appear on a polished surface are the traces 
of these bundles on that surface When the distortion of the crystal in bulk 
is a uniform shear thene bundles stick together to form plates of irregular thick¬ 
ness, but lying id general with their planes parallel to the plane of slip deter¬ 
mined by external measurements of the surface. The plane of these plates 
VOL. XCII.—A. 2 1 
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is determined by the direction of the principal stress. It has no direct relation¬ 
ship with the crystal axes 

This conception was arrived at entirely as a result of external measurements 
of the specimens and measurements of the orientation of their crystal axes. 
The fact that it appears to explain the nature of the slip lines is therefore 
remarkable. The slip lines, which arc curved in detail, preserve a general 
direction which can be measured in cases where the distortion is uniform, 
and this direction coincides with the trace on the pohshed surface of the specimen 
of the plane of sbp determined by external measurements The slip lines 
appear to have no direct relationship with any of the principal crystal planes. 

Perhaps the most telling point in favour of the theory is that it has enabled ns 
to predict the hitherto unknown fact that if the crystal is cut with a polished 
surface parallel to the direction of slip the Blip lines are all straight. When 
there is an appreciable angle between the polished surface and the direction of 
slip the slip lines are jagged or curved, and the greater this angle the more 
jagged they become, but oven so they preserve a general direction which is 
easily measured and is in agreement with the distortion measurements 

Bearing of these Conclusions on Previous Work 

This completes the work up to a definite stage Before concluding, it may 
be of interest to bring out the connection between our results and those of 
previous workers. Nearly all our predecessors* have assumed that the crystal 
has a plane of slipping which is a crystal plane, and in most rases they have 
attempted to correlate the slip lines with traces of crystal planes If the W’ork 
described in this paper is accepted, it is clear that that method was foredoomed 
to failure. One notable exception, however, is to be found in the work of 
Osmond and Cartaud,t who point out that among the slip lines which occur when 
an iron crystal is strained, curved ones predominate. They were unable to 
find any relationship between these curved lines either as a whole or m their 
detail and the crystallographic planes. In older to produce sbp bnes which 
are straight as a whole, though curved in their details, it is essential in the 
light of our work here described to subject a single crystal to a uniform distri¬ 
bution of stress It was only after a careful study of the methods by which a 
uniform BtT&m can be produced that wc were able to discover the relationship 
between sbp linos and distortion, 

• RoMiduun and Ewing, 'Phil Trans./ A, \qL B3 (1000); Howe, ' Metallography of 
Steel 1 ; Polanyi, ‘ Z. f. KnsUllographio/ vol 01, p. 40 (1925); Weuaenberg, ibidem, 
p. 58, Mark, ita/etfij p 75 

t Osmond and CartAnd, ‘Jours. Iron and Steel Institute/ No, 111 (3906), 
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In conclusion, we should like to express our thanks to Sir Ernest Rutherford 
for allowing the work to be carried out in the Cavendish Laboratory, to Prof. 
Carpenter for the use of Ins laboratory in wlnrh the muTn-photogruphy and 
most of the X-ray work was done, to Dr A Hutchinson for allowing uh to use 
several of hn crystallographic measuring instruments, and to Prof Inghs for 
allowing us the continuous use of a Buckton compression machine in his 
laboratory We also wish to express our gratitude to Prof Edwards and 
Mr. Pfeil for supplying the large crystals of iron with which the work was 
carried out, and to Mr W, S. Farren for much help m designing special apparatus 
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DESCRIPTION OF PLATES 
Plate 10 

Fin 16—Slip lines on polished surface of iron enstal Magnification 100 The lines 
parallel to the broad black line winch is a scratch made by a razor blade are marks 
made in polishing 

Fin 17 —-Slip lines magnifieslion 45. polish marks vertical 

Fin IN,—Slip lines (horizontal in photograph) Polish marks at angle of about 60 degrees 
to slip lines Magnification 350, 


Platb 11 

Fid 10. —'Top view of model, showing appearance where no rods stuck together during 
distortion 

F 10 20 —Side \iew of model showing hexagonal rods standing vertically on slope of steps. 

Fill, 21,—Top view of model showing appearance when rods slip a definite amount or not 
at all 

Plate 12 

Fin 22—Slip linen on face of Fe 3 cut parallel to direction of ulip Magnification 150 

Fid 23 —Slip lines on face of Fe 3 out at maximum possible angle w ith direction of slip. 
Magnification 150. 

Fiu 24 —Slip linen on vertical face of Fe 3c cut parallel to direction of slip Magnifioatioa 
150, 

Fid, 25 — Slip lines on vertical face of Fe 3c cut at maximum angle (53 degrees) to direction 
of slip Magnification 150 

Flu. 26 —Slip lincB on Hal top of iron crystal These were not actually taken on Fe 3c, 
because the specimen got too much scratched, but they were taken on another almost 
identical specimen Angle Lo direction of slip, 37 degrees Magnification 150. Slip 
lines parallel to bottom of photograph 
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The Structure of Thin Filmy* Part VIII. — Expanded Films 

By N. K Adam, M A , Boyal Society tiorby Research Follow, and 
ft Jess or, Ph I) 

(Communicated by Sir William Hardy, F RS - Received June 14, 1926 ) 

The present paper describes a closer investigation than has hitherto boon 
possible of the “expanded 0 state of surface films and of the relation of the 
films in this state to the condensed films on the one hand, and the gaseous on 
the other. The expanded films were first reported by Labrouste (l) and 
examined more closely by one of us (2, Parts 111 to VI). They are formed 
from the rlose-packed condensed films by rise of temperature, the change being 
complete in a few degrees at constant pressure, and being of much the same 
nature, whatever the substance. It has been established in previous papers 
that the temperature of the expansion is raised regularly by an increase in the 
length of the cham ol the molecule, the amount of this rise being practically 
the same in all homologous series where there is only one chain in the molecule , 
the absolute temperature of expansion depends, however, on many factors, 
not yet understood Evidently the expansion is a partial overcoming of the 
cohesion between the molecules in the condensed film 

In the expanded films, however, there is still much cohesion In Part VII 
we have shown that some of the expanded films possess, at low surface pressures, 
a definite vapour pressure of a few tenths of a dyne per cm, this region ending 
in a state of the films which is analogous to a gas in two dimensions In the 
gaseous film, there is very little cohesion between the moleoules. When there 
is a definite surface vapour pressure between the expanded film and the gaseous, 
we must clearly regard the expanded film as “ liquid.” We propose to call 
the expanded films which end in this vapour pressure region “ liquid expanded 
films” 

The results of this paper, as well os some of those of Part VII, show that films 
must often be regarded as belonging to the ” expanded ” class, oven though 
they may not behave as liquids and do not show phenomena of evaporation 
in the surface Such films we shall call ” vapour expanded films ” , they 
pass without discontinuity into the gaseouB films as the surface pressure is 
diminished By analogy with matter in three dimensions, we consider the 
liquid expanded films as liquids below their cntioal point, the vapour ex¬ 
panded as above the critical point, The main difference between substances 
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which form 11 liquid" and those which form " vapour ” expanded films seems 
to be that with the former the critical evaporation temperature is above the 
expansion temperature at which the condensed film changes into the expanded , 
in the latter, the critical temperature m below the expansion temperature 

The apparatus used for measuring low surface pressures is that described in 
Part VII, for pressures from about O'.5 dyne per cm upwards we have used 
another instrument on the same principle, actually a preliminary model of the 
sensitive apparatus, without covers for protection against draughts, with a 
thicker torsion wire giving a forco of 0 266 dyne per cm for one degree rotation 
of the head, and without the vernier on the torsion head The sdk fibres 
connecting the float to the rest of the instrument were replaced by silica fibres ; 
and to allow of the use of the instrument at higher temperatures, these have 
been fixed by solder instead of ream cement Both for convenience, and in 
accuracy, this instrument is a great improvement on the earlier arrangement 
with the balanco and air jets, and the thin gold ribbons at the ends of the 
float are adequate to prevent leaks at any surface pressure. 

Temperature has been controlled by immersing the trough to within a few 
millimetres of the brim in a very large water-bath with thermostat, up to 
36°, above 35° we have used small burners under the trough. The water- 
bath changed temperature so slowly that the thermostat was usually 
unnecessary 


Liquid Expanded Films 

Fig. 1 shows the pressure-area igofchermals on myristic acid, on N/100 HCl f 
from 2 5° to 34°. The three curves inset show the variation of area with 
temperature at the three pressures of 1 4, 6 0, and 16 0 dynes per cm. The 
curves replace figs 1 and 2 of Part III * 

* We estimate the acourocy or these ourves as fallows , the pressures are probably 
correct to 0*1 dyne, exoopt above 10 dynes , the temperatures from 7° to 20°, to Q 1° j 
outside these limits there may bo error of 0 3° The aoouracy of the areas per molecule 
If limited by blie precis ion with which drops can be dropped from a fine pipette, rather 
rapidly, since the solvents must be volatile In single experiments of a series It u some¬ 
times possible to detect over 5 per cent error, the curve being shifted laterally parallel 
to itself. We have selected curves for reproduction in which no such lateral shift was 
visible. 

In calibrating the dropping pipotto, a correction for the evaporation of the volatile 
solvent Is necessary and was made as follows •—The pipette charged with the solution is 
fitted loosely into a small test tube by a oork and weighed It is then removed and twenty 
drops delivered at about one per second, the pipette being steadied (as ih use oh the trough) 
in a vertical position. The pipette is Immediately replaced in the tube and re-weighed. 
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Fig 2 gives similar data for the z-bromo-acids of different. lengths of chain. 
The 14j 15j 17 and 18 carbon acids were T)r, Le Sueur’s Specimens, 16 and a 



duplicate specimen of 18, giving practically identical results, were made here. 
The 18 carbon acid was examined at 26-2 U , as it is a condensed film at room 
temperature , the other measurements were made at room temperature. 

FigB. 1 and 2 show that (1) the shape of the isothermal of the expanded Elm 

The Joss of weight is the actual amount of solution which falls from the pipette, plus the 
evaporation from the drops during formation, plus the evaporation from the test tube 
during the whole period of weighing, The weight roqulrod is the sum of the first and second 
of these quantities, The weight of the solvent evaporating from the test tube during 
weighing wo* determined in a blank experiment, care being taken that the times of the 
blank and the dropping experiment were approximately equal. With petroleum ether 
of 0O°-7O r; boiling point, the correction to be subtracted from the tint weight was about 
6 per cent of the whole. Between 13° and 18°, temperature made no difference to the 
weight delivered outside the error of dropping. 

Probably the areas per molecule given in the curves are correct to 3 per oent. 
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is nearly independent of the length of the cham when the film ih examined 
not far above the temperature of expansion , (2) the transition from the 



expanded to the condensed state gives a curve nowhere strictly horizontal, with 
a sharp change at the expanded end and a very gradual change at the condensed 
end of the transition region It is difficult to say where the condensed curve 
ib reached, indeed, there may be a very slight increase in area of the condensed 
film with increasing temperature It should be recalled that the condensed 
curve of myriHtic acid is not one of the close at possible packing, but is on this 
solution one of close packed heads, in which compression causes the heads 
to pack more closely by rearrangement 

The discontinuous passage of the expanded curve into the transition region 
was masked in the curves obtained with the balance and air-jet apparatus, 
we believe it now to be general, and have observed it also on elaidic amide, 
hexadecyl alcohol, and marganc nitrile. 

The films of mynstic acid arc not quite free from hysteresis , there is an 
appreciable delay m attaining pressure equilibrium when the barrier is set at 
a given area of the Burfacc This is most marked in the flattest regions of 
the curve, where the expanded film is turning into the condensed. The 
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pressures recorded are after about half a minute, when they are practically 
Bteady. The hysteresis is so small in amount that in this case it will be difficult 
to make an exact investigation of it, we have not yet attempted to do so. 

The mynstic acid (at any rate at room temperature and slightly above) 
and the bromo-acids are definitely liquid expanded films, showing a surface 
vapour pressure. As the surface vapour pressure is never more than a few 
tenths of a dyne, and the expanded curve approaches the vapour pressure 
region fairly steeply, it is possible to extrapolate the expanded curve to no 
compression fairly accurately It is a very remarkable fact that with the 
liquid expanded films, the area extrapolated to no compression (with the 
single chain molecules) is almost a constant. The following table gives the 
areas at no compression, and the surface vapour pressures, at the temperatures 
indicated, which, except in the case of oleic acid, are fairly cIobo to the expansion 
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All the areas arc so close to 46 sq A U that the difference is possibly experi¬ 
mental error, except with palmitic mtnlc and oleic acid The palmitic nitrile 
was collapsing to some extent, and the observed area may be too Binall, the 
oleic acid wbh probably nearly 50° above its expansion temperature, while 
the other substances were nearly all within 16°, and mostly within 8°, of the 
expansion temperature It thus appears that the areas, at no compression, 
of the liquid expanded films are very close to 48 sq A U per molecule when 
the temperature is close to the expansion temperature. 
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Earlier papers gave the result that at a constant surface pressure, after the 
change from the condensed to the expanded film is complete, there is a hIow 
further increase in area with rise of temperature, of the same order of magnitude 
as the thermal expansion of a gas The present experiments confirm this , 
the magnitude of the thermal expansion of the expanded film is, however, 
difficult to determine with less than about 100 per cent error 

The surface vapour pressures in the table decrease with increasing length 
of chain, becoming very small in the 22 carbon scries These vapour pressures 
have no relation to the temperatures of expansion beyond the general one 
that vapour pressures decrease with length of chain, and in any one senes 
the expansion temperature is raised by lengthening the chain 

Fig. 3 is of oleic acid, on dilute acid with and without permanganate, the 
curves on acid only being taken at two temperatures, and showing the thermal 



expansion nF the expanded film This film at 14° is definitely 1 liquid expanded, 
-although it is probably about 43 a C. above its expansion temperature 

Expanded Film# with more than One Cham 
Fig, 4 gives curves of lecithin and triolein Tnolein tends to an area of 133 
at no compression; we have also made measurements with the older apparatus 
on tripalroitin and tnsteann, obtaining about 116 sq A.U. at GO 0 , that is, just 
above the expansion temperatures Therefore in these compounds with three 
chains, the film in the liquid expanded state occupies about 2 4 times the 
area of the corresponding compound with a single chain. 
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Lecithin, with one saturated, and one unsatui&ted chain, but with the bulky 
choline and phosphoric acid groups at the head of the molecule, occupies about 



114 sq. A U. at no compression, a gieater ama than that proper to two similar 
chains singly, in the expanded state In other respects these curves resemble 
the expanded curves of single chain substances * 

The equation of state proposed by Cary aud Rideul (3, p 309), on the basis of 
their experiments on the spreading nf films from crystals, does not fit the data 
for any of theBe substances Their equation 



would require that F plotted against l/A should be a straight line. The slope 
of the curve with F as ordinates and 1 /A as abscissa' actually increases steadily 

* Fig 4 also shows n-mouolttiirm will hydrolecithin , the latter is a condensed film, 
expanding at about 28° under 1 4 dynes compression bo an expanded curve similar to 
that of leoitbin The curve for the monolaunn is only approximate, the film collapsing, 
probably dissolving, very rapidly. 

Hydrolecithin shows a great deal of hysteresis If sufficient time is allowed for the film 
to settle down, the full curve Is given, if the area is contracted rapidly, the nght-hand 
dotted ourve may be obtained, if the area is increased rapidly from a high compruaion, 
the left-hand curve may be found. If the area is set suddenly to a given amount, from a 
low compression, the observed compression is at first high, falling gradually to the equi¬ 
librium cnrvu, if suddenly decompressed, the film shows a low pressure, ruing bo the 
equilibrium The tune for attainment of equilibrium pressure u several minutes At 
room temperature, the nse or fall to the equilibrium pressure is not exponential, but the 
rate falls off more rapidly than if it were exponential at first. Further investigation of 
this hysteresis is needed, it is doubtless to be ascribed to the very complicated heads 
taking time to pack closely. The cross section of the head is about 52 sq. A.U. 
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as the pressure increases from small values up to 16 dynes or more, and in 
some cases is more than doubled in this range It is not surprising that this 
equation proves to be incorrect, as it is based on the assumption that the 
pressure ia proportional to the number of molecules in excess of the number 
1 /Ao required to pack the film to the area at no compression Hmce the film 
can certainly not pack more closely than to about 20 Bq AJJ , we should 
expect the pressure to increase more rapidly with decreasing area than would 
be required by this equation 

Vapour Expanded Ftltns 

Typical instances of filmH which expand from the condensed state into a 
state which passes without discontinuity into the gaseous films are the ethyl 
esters Fig 2 of Part VII Bhowa that none of the esterB give a horizontal 
vapour pressure region, except when the liquid surface phase ib a condensed 
film Earlier papers, and figs 5 and 6 of this paper, show that the expanded 



curve passes into the condensed in much the same way as with the liquid 
expanded films just considered , there ia the same discontinuity at the expanded 
end of the transition region and gradual change at the condensed end, the 
ohief difference being that the area of the expanded film is greater with the 
ethyl esters than with the liquid expanded films. 

While it is true that none of the esters phow a region of constant vapour 
pressure between the expanded and the vapour regions of the curves, still 
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ethyl pal mi t ate at 15° and ethyl pentad ecy late at 7*5° show a fairly sharp 
change of direction between 100 and 160 A U. at about 0 26 dyne per cm 
This area is of the same order of magnitude as that of the molecules lying 
flat on the surface. Fig 6 shows clearly the influence of temperature on the 
ibo thermals of these esters, The temperatures of half expansion, under 
1-4 dynes per cm, are ethyl palmitate, 13°, ethyl pentadecylate, about 6°, 
ethyl myristate, below 0°, probably about — 6°. The curves of ethyl palmitate 
at 15° and of ethyl pentadecylate at 7*5° are nearly identical, these may be 
taken as typical of the ethyl esters just above their expansion temperature 
The curves of ethyl pentadecylate at 17 ■ 5° and of ethyl mynstate at 16° 
show the influence of a rise of 12° and of 20° above the expansion temperature , 
the angle at the lowest point of the curves is very much blunted at even 12° 
above the expansion temperature Twenty degrees above the expansion 
temperature the film is evidently a long way above the two-dimensional critical 
evaporation temperature. 

A few experiments have been done on the methyl esters, which give vapour 
expanded films, very much like the ethyl esters The expansion temperatures 
of the methyl esters are roughly 10° above those of the ethyl esters 

The methyl ketones R CO CH a also form vapour expanded films Fig 6 
shows the FA-F curve for tndecyl methyl ketone on distilled water at 12'6° C. 



Fra. 6. 
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It condenses at about 3 dynes per cm , at thiB temperature, to a film giving the 
characteristic curve of close-packed chains Heptodecyl methyl ketone gives 
a condensed film with close packed chains expanding above 40° The 
condensed films arc liquid, not solid 

Methyl Ketones, 

Area of condensed Temperature of half 
Substance film at no expansion, under 1 4 

compression (sq A.U ) dyncB per era 
Tndecyl methyl ketone (21) 10 

Heptadecyl methyl ketone 20 5 42 5 

The Influence of Permanganate on UMaturated Linkage* 

An attempt has been made to apply a defimte attraction towards the water, 
in the neighbourhood of the middle of the chain of the molecule, by dissolving 
reagents in the water which might be expected to act on a double bond in this 
part of the molecule Mercuric chloride, acid potassium bichromate, and 
hydrogen peroxide were found to have no appreciable action on the filuiB 
Potassium permanganate, in 0 8(5 per cent concentration, or in ten times this 
concentration, with N/10 sulphuric acid, always caused the films which had a 
double bond m the middle of the chain to become “ gaseous ” Fig 7 shows 
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the effect on oleic acid, triolein, and erucic and bra&aidic acids, the curves for 
the last two being dotted, as but few points were obtained. Elaidic acid on 
permanganate gives a curve almost identical with that on oleic up to 2 dynes 
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per era. Comparison of these curves with those obtained by Schofield and 
Rideal (4) on the absorbed films of the soluble fatty acids (RT being equal to 
400, very nearly) shows that the cohesion between the film molecules has been 
reduced to a very small amount for oleic acid on pormangannte , with eruuo and 
brassidic acids, which have four more carbons in the chain, there is rather more 
cohesion, but the films are far above their critical temperature 

The saint* effect has also been found on films of ethyl brassidate, erucic and 
elaidic amides, and on lecithin, which has one saturated and one unsaturated 
chain Permanganate has no such action on films of ethyl pentadecylate, 
palmitic nitnle, a-monolaunn, and barely perceptible action on the iso-oleic 
acid, which has the double bond in the a p position to the carboxyl. On tetradecyl 
alcohol the film was not a gaseous film, but there was evidence that the CH a OII 
group was undergoing oxidation to mynstic acid, as the curve slowly changed 
from that proper to the alcohol towards that of the acid at the same tempera¬ 
ture This change* is to be further investigated 

It is quite dear that permanganate turns the film into a gaseous film only 
when the double bond is m the middle of the chain, it appears that the action 
l'i dimply to make the molecules lie flat We have other evidence that the 
molecules nf the shorter chain acids lie flat on the surface in the adsorbed films 
of the soluble acids, and the flat position appears to be characteristic of the 
gaseous state of the films 

Discussion of the Struct are 

The experimental evidence described above show's that the liquid expanded 
state is a definite intermediate stage between the gaseous and condensed fiJms 
Its stability depends very much on the nature of the head of the molecule, 
the free carboxyl group, anil the bromo-acid head, favouring the formation of 
liquid expanded films, while in no case has a liquid expanded film been obtained 
with an ester or a methyl ketone The area at no compression is limited and is 
with one chain, 48 sq A.U , being independent both of the length of chain and 
the nature of the head. Tins area tj> is much too small for the molecules lying 
flat and much too large for the vertical close packed orientation 

In addition, there is considerable compressibility, which decreases with 
increasing compression, and a large coefficient of thermal expansion. The 
change from the expanded to the condensed films has some resemblance to a 
change of state, but requires a few degrees interval of temperature for completion. 

We suggest that the molecules are coiled down in helices, with vertical axis, 
and are closely packed by their cohesion, even without external compression, 
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The compressibility may be due to tho chains being straightened out by lateral 
compression and forced vertical Owing to the tendency of the valencies between 
carbon atoms to form the tetrahedral angle with each other, the cross set tion 
of this helix should be about the same as the maximum section of cyclohexane 
or cyclopent.ane by a plane parallel to the ring Direct evidence as to the 
dimensions of these rings does not appear to exist , a possible basis for an 
estimate is found in Bragg’s measurements on crystals of naphthalene and 
anthracene (5), The area in the plane of the ring occupied by one molecule 
of naphthalene, as packed in the (rystale, is 8 34 X 8 69 sin 57° 11' — Gl sq. 
A U ; the corresponding area of anlhracene is 8 7 X 11 -6 sin 55° 3G' — 83-1, 
Now the difference between benzene and naphthalene is the name as that 
between naphthalene and anthracene , therefore benzene should have an area, 
in the plane of the ring, of about 39 sq A IT It is well known that additional 
hydrogens greatly increase molecular dimensions, bo that 48 sq A U does 
not seem un unreasonable value for the cross section of a helix with vertical 
axis 

The high co-efficient of thermal expansion may be analogous to the high 
co-efficients observed with liquefied gases not far below their critical point 

The vajxrnr expanded state is not a definite phase in the surface , but if the 
films are not far above the critical evaporation temperature, the properties of 
the vapour expanded films arc not very different from those of the liquid 
expanded Probably the vapour expanded films arc homogeneous mixtures of 
molecules coiled dow f n and lying flat, as the temperature is raised, or pressure 
lowered, the proportion of those lying flat is increased 

In the following paper some instances will be given of films which expand 
straight from the condensed state into a state fairly closely resembling perfect 
gases ; in these the molecules must be nearly all lying flat These molecules 
have polar groups at each end 

Since the fatty acids generally form liquid expanded films, but the eaters 
and methyl ketones form vapour expanded films, it appears that the lateral 
•attraction between the coiled-down molecules is much increased if the heads 
have plenty of residual affinity Possibly far the most important factor deter¬ 
mining whether a substance forms a liquid or a vapour expanded film is the 
amount of the additional cohesion given to the coiled-down molecules by the 
adhesion between adjacent heads, It would appear that the contribution to 
the total cohesion, made by the adhesion between heads, is much greater in the 
coded-down configuration than m the vertical close packed arrangement of 
the condensed films. This would account for the comparative independence 
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between the value of the Biirface vapour pressure and the temperature of 
expansion. 

If the hypothesis that the chains are coiled down ih incorrect, we are forced 
to fall back on somo special kind of vibration, which is bo controlled by the 
cohosivc forces that the area in the liquid expanded films becomes definitely 
limited at 48 sq U There seems little hope of developing a working 
hypothesis on such assumptions 

Summary 

1. The expanded state of the films of fatty acids, bromo-acids, eBtorH, methyl 
ketones, and other compounds possessing one chain only in the molecule, and of 
several compounds with more than one chain, has been re-inveBtigabed with 
improved apparatus. 

2 Two types of expanded film exist—the liquid expanded, which exhibits 
a constant vapour pressure in the surface, and a discontinuous transition into 
the “ gaseous " film , and the " vapour expanded, T ’ which passes continuously 
into the gaseous film The liquid expanded films show a definitely limited 
area at no compression, which is very close to 48 sq, A U per molecule, and is 
independent both of the nature of the head and of the length of the chain, 
within the range of substances investigated. The vapour expanded films have 
no limiting area , as the temperature is rawed and the pressure lowered they 
gradually approach the gaseous condition Borne vapour expanded films give, 
near the temperature of expansion, pressure-area curves fairly tlosely resembling 
those of the liquid expanded films 

The structute ef the liquid expanded films may be that the long chains are 
coiled down in helices with the axis vertical, the molecules being close packed 
in this orientation by their mutual cohesion. The two-dimensional evaporation 
in the surface will then be a separation of the molecules, followed by uncoiling 
and lying flat The liquid expanded state can only exist when there is sufficient 
adhesion between the molecules in the coded-down state It appears that the 
adhesion between the heads of the molecules is an important factor in conferring 
the necessary adhesion in this configuration The esters and methyl ketones 
formed only vapour expanded films , the acids and most of the other compounds 
liquid expanded films 

3. Acid potassium permanganate in the water acts on cthylemc linkages 
in the middle of the chain in such a way as to make films gaseous, which would be 
either condensed, or very far removed from the gaseous state, in the absence of 
this reagent Permanganate does not act on saturated chains nor on one in 
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which the ethylemc linkage is next to the head of the molecnle. The action is 
probably simply that the extra attraction on the middle of the chain causes the 
molecule to lie flat 

4 The methyl ketones form condensed films with close-packed chains, the 
heads packing to less than 21 sq, A U 

5. Hydrolecithin, in the condensed state, requires some minutes to reach its 
final pressure in the films ; a similar hysteresis, though more rapid and much 
smaller in amount, probably occurs also with a simple fatty acid. The hysteresis 
may be due to slowness of the molecules in taking up their final packings 

We are indebted for the lecithin and hydrolecithin to Prof Loathes, the 
specimens being prepared by Dr. P A. Levene, of New York Messrs J. Croa- 
field and Sons, Ltd., kindly gave us the ot-monolaunn, and Mr W B Savile 
the methyl ketones 
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The Structure of Thin Films, Port IX.— Dibasic Substances. 

By N. E. Adah and G. Jesbof. 

(Communionted by Sir William Hardy, F.R.8.—Received June 14, 1036.) 

We have been anxious for some time to examine mono-mnleoular films of 
long chain molecules with a polar group at each end. In 1024, Mr. Dyer pre¬ 
pared specimens of the acid COOHfCHJnCOOH, and of lta mono- and di¬ 
ethyl ester, but the publication of the results obtained on these has been deferred 
until a more extended senes of compounds were available. Now Dr. D. A 
Fairweather, who has prepared a long senes of compounds of this senes, including 
many new compounds, has most kindly placed at our disposal specimens of 
the acids 16, 20, 24 and 32* ; of the di-ethyl esters 10, 11, 16, 20 and 32 ; and 
of the mono-ethyl ester COOH(CH l )i fl COOCjH fl Films of these compounds 
have been examined by the methods of the preceding paper. 

The esters gave films of fair stability and easy to work with ; figs. 1 and 2 
show the F—A and FA—F curves. The shorter chain substances are 
gaseous films at room temperature ; below 2 dynes per cm they approach much 
more closely to the perfectly gaseous condition than any insoluble filmn yet 
studied. The minimum for FA is about 330, the theoretical for a perfect gas 
being 1 • 372 T. or about 400 Variation of temperature from 1° to 15° made no 
difference appreciable within the accuracy of experiment, the fact that the 
curve for 10 appears below that for 11 is probably due to the former being bo 
volatile that the molecules leave the film too rapidly for exact measurements. 
Above 2 dynes per cm. the correction to the gaseous state due to the size of 
the molecules causes the curves to take a form similar to those of the adsorbed 
films of the slightly soluble acids (reference 4 of preceding paper). 

At 1 D the ester 11 changes to a condensed film. 

The ester 16, in the gaseous state, shows more cohesion, the minimum for 
FA being just above 200. The three middle curves show the influence of 
temperature on the transition from the gaseous to the condensed state. This 
resembles the transition from the vapour expanded to the condensed state in 
the case of the ethyl esters, but there is no discontinuity at the gaseous end of 
the transition region. 

The ester 20 is condensed up to 40°, expanding at higher temperatures to a 

* The substances will be designated by a number indicating the number of CH a groups 
in the mpleoule. 
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gaseous film resembling those of the lower esters. The ester 32 forms a 
oondensed film at all temperatures we could employ. 

The mono-ethyl ester 16 was examined on dilute HCl. Its behaviour is very 
similar to that oi the di-ethyl ester, corresponding curves to those of fig 1 being 
found at a temperature throe or four degrees lower 
The condensed curves all end, above 10 dynes per cm,, in a steep curve of 
area 20 to 21 sq A.U , i e the cross section of chains close packed This shows 
that Under moderate compressions the molecules stand vertically with only one 
end in the water Films in this state were found to be solid, except with the 
ester 11, which was so viscous as to be nearly Bohd. In most cases there was a 
fairly rapid collapse above 10 dynes per cm. 

The question arises whether any sign can be detected of a packing in which 
both polar ends of the molecules are in the water, the chains forming an arch 
between the molecules. In such a packing the two ends would occupy an area 
of at least 40 and the arch might easily require considerably more, owing to the 
unpossibhty of bending a hydrocarbon chain very sharply ; since there is no 
such definite area, we conclude that this packing is never found. But below 
10 dynes per cm. the condensed films'do have a greater area than that of close 
packed chains. The curve for the condensed film, produced from 2 dynes, 
where there is a sharp bend, cuts the abscissa at about 28 Bq. A.U , this area 
being rather variable in successive experiments It seems possible, therefore, 
that a proportion of tho molecules are adhering by both ends to the water surface, 
these being entangled among a greater number in an upright position, and 
being themselves forced upright by compressions of 10 dynes per cm 
The marked tendency of these dibasic eaten to form gaseous films 1 b no 
doubt due to the strong attraction for water at both ends , this makes it easy 
for the molecules to lie flat, and difficult for them to stand upright. The 
molecules probably lie flat in all gaseous films, in condensed films they are 
upright, closely packed, and held together by the lateral adhesions of the 
chains All the previous work on these films shows that thermal agitation tends 
to disrupt the lateral cohesion between the upright molecules, and favour 
either a less definite or a horizontal orientation. 

The temperatures of half expansion from the oondensed to the gaseous films 
under 1 - 4 dynes per cm. compression are as follows :—The curve of change of 
area was very much like the usual change from condensed to expanded Alma, 
and the change required several degree for completion. 
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Temperatures of Half Expansion 


Substance 
Di-cater 16 
„ 20 
„ 32 

Mono-ester 16 


.. 7 

44 

Above 65 
. 10 5 


The acids formed rather unstable films In the condensed Btate areas from 
0 to 18 aq A U. per molecule were obtained with a great deal of contraction. 
We do not think these low areas can be taken as evidence that the molecules 
form filmB two or three molecules thick on the surface, as the areas were not 
reproducible in successive experiments if the temperature was varied, and 
very frequently not when all conditions were apparently constant, the con¬ 
traction was so great that it was difficult bo select any one area as correct 
It should be said, however, that the acids 24 and 32 very frequently ceased con¬ 
tracting almost completely at an apparent area of 12, and that the acid 20 had a 
tendency to cease contracting about 8 sq AU We think the most probable 
explanation is that much of the material had been forced away from the surface, 
a tendency to cease collapsing when a part of the film is left, as if part of the film 
was more stable than the rest, has been noticed before (Part I) It was easy 
to see visible aggregates on the surface after collapse had proceeded some way. 
The free carboxyl groups which would be exposed at the surface of the film, if 
the molecules were standing upright as in the condensed films of the esters, 
would form natural points for the adhesion of fresh molecules in the proper 
positions for building up crystals in bulk and would facilitate collapse 

The acids 10, 20, and 24 wore found to form gaseous films, of rather smaller 
area than the esteTB At 2 dynes per cm, the areas were roughly two-thirds 
of those of the di-ester ID m the gaseous state. There is thus a greater 
cohesions! correction in tho gaseous state of the films of acids than in those of 
the esters , it is probable that this is due to the attraction between the COOH 
groups of neighbouring molecules in the film. 

Summary. 

The dibasic esters C t H»CHX7(CH,)r£OOCiH B form mono-molecular surface 
films of the gaseous and condensed types, The cohesional correction to the 
gaseous films increases with the length of the chains, the films of the esters, in 
which h has the values 10 and 11, being the closest approach to the perfectly 
gaseous stats yet found with insoluble films. 
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In the condensed films the only stable state is one with the molecules adhering 
to the water by one end only and packed olosely in an upright position The 
transition from the condensed to the gaseous films is of the same nature as that 
from the condensed to the expanded films described in previous papers; but 
the condensed films expand in all caseB to films of the 11 vapour” type. 

The behaviour of the acids of the series, and of the mono-ethyl ester, for 
which n is 16, is generally similar. 


77ie Number of Particles in Beta-Ray Spectra .—II. Thorium B 
and Thoi'ium (C + D). 

By R W. Gurney, Fh.D, Trinity Hall, Cambridge. 

(Communicated by Sir Ernest Rutherford, Pres R S —Received June 30,1926 ) 

1. Introduction. 

Measurements of the number of particles emitted with different velocities 
in the beta-ray spectra of Radium B and Radium C have been recently described 
by the writer.* In the present paper the measurements have been extended 
to the spectra of Thorium B and Thorium (C+D). As before, portions of the 
magnetic spectrum were focussed into a Faraday cylinder, and the number of 
electrons determined in absolute magnitude 

The conclusion reached in the previous paper was that in the case of both 
Radium B and Radium C there is, underlying the beta-ray lines, a continuous 
spectrum similar to that of Radium E, and of the same magnitude—that is, 
containing one electron p£r atom breaking up, This leaves little doubt that 
in these throe bodies it is the nuclear electrons ejected in the disintegration 
with varying velocities which form the continuous spectra. If this is true of 
other bodies we expect to find in the Thorium senes also large continuous 
spectra containing one electron from every disintegrating atom. The measure¬ 
ments of the spectrum of Thorium (B -f C + D) by Pohlmeyert showed, however, 
that the continuous spectrum was feeble in comparison with the beta-ray line 
Hp 1398. But since an ionisation method was used, no determination of the 
absolute number of particles was possible. 

* 1 Roy. Boo. Proo,,' A, vol 109, p. 640 (1920). 
t 1 Z. I. Phyiik.,’ voL 26, p. 216 (1924). 
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In the present investigation the gamma-ray activity of each ol the sources 
was measured on an electroscope and the number of atoms disintegrating in 
a source of known gamma-ray activity was afterwards determined by counting 
the number of alpha particles emitted, as described below. 

2. Apparatus and Method. 

The radioactive material was deposited on metal plates 8 mm. long by 
3-5 mm wide, which were tilted at an angle m the usual way, so that the beta 
particles left the surface at angles approaching grazing incidence The sources 
of Thorium (B + C + D) were obtained on aluminium by exposure bo the 
emanation, those of (C -f- D) were obtained on nickel by deposition from 
solution. 

The method was the same as before, except that the residual gamma-ray effect 
was balanced out by means of the leak in an ionisation chamber, to the walls 
of which about 1/30 of a volt was applied. Reference should be made to the 
previous paper for the precautions that were taken to ensure that no particles 
entered the Faraday cylinder other than those travelling direct from the source. 
A large correction is necessary for particles reflected from the metal plates on 
which the radioactive material was deposited , details of this are given below. 

3. The Magnetic Spectra . 

The beta-ray lines of Thorium (C + D) have been recently remeasured 
photographically by Black. 1 * The lines which give the strongest photographic 


density are — 

H P 

Level of Origin. 

Intensity. 

Energy. 

541 

L t Level 

100 

2-B2 10 4 volts 

658\ 

Outer levels 

|40 

3-69 

684/ 


125 

3-98 


He found that there is a complete gap in the line spectrum between Hp 4040 
andHp 10080, The curve obtained by plotting the rate of charge of the Faraday 
oylinder against values of Hp is given in flg, 1. Thu demonstrates very dearly the 
separate of continuous and line spectra, for the spectrum curve 

reaches its nuunmiun above Hp 4040, where there are no hues. And below the 
peaks at Hp 040 and 070 there happens to be no continuous background. 

The thorough measurements of Pohlmeyeif showed that some of the beta-ray 

* -Eoy.Soo. Proo.,' A roL 10*, p, 166 (1020). 
t too. oil. 
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hues of Thorium D produced irregularities is the spectrum curve, but in the 
portion of the spectrum investigated by him (above Hp 1000) none of them 



were strong enough to give definite peaks. In the present measurements the 
irregularities were not investigated 

The curve for Thonum (B + CJ + D) is given in fig 2 By subtracting the 
portion due to Thonum (C ■+■ D), as has been done by the broken line, we 



obtain the spectrum of Thorium B alone. At first sight this appears to be 
much smaller than that of (C + D), but this is only a peculiarity of the dispersion. 
For, as was pointed out in the previous paper, if for a certain value of the 
magnetic field the Faraday cylinder collects particles over the range of velocities 
Hp 600 to 640, then in a field of ten times the intensity particles are collected, 
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not over the range Hp 5000 to 5040 but from Hp 5000 to 5400, that is, over 
a range ten tames as great The experimental curves of figs 1 and 2 do not 
therefore at all represent the true velocity distribution of the particleA as 
emitted by the source We have to transform the continuous spectrum by 
dividing the ordinates everywhere by the corresponding field-strength This 
has been done in fig 5, omitting the peaks. This transformation does not 
apply to the height with which the peaks stand out above the continuous 
Bpcctrum, For with the very wide Blit used the whole of any beta-ray line 
will enter the Faraday cylinder at once for some value of the field corresponding 
to the top of the peak 
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The bodies present iu the active deposit of Thorium are shown in fig. 3. 
Since the period of Th B is much greater than that of the others, they will 
all be in equilibrium with it three hours 


after removal from the emanation The 
number of atoms of Th C and Th D 
undergoing beta-ray disintegration per 
second will then be together equal to the 
number of atoms of B breaking up. The 
number of atoms of Th C and Th C' under¬ 
going alpha-ray disintegration will also bo 
together equal to the number of atoms of 
B. Hence to determine the number of atoms breaking up in a source of Th B 
with C and D in equilibrium, we havt only to count the number of alpha 
particles emitted To make a direct count of the absolute number of alpha 
particles emitted within a given solid angle it is necessary to know the efficiency 
of the counting A simpler indirect method is to compare the number of 
particles with the number of particles emitted in the same solid angle by a 
source of Radium (B + C), whose gamma-ray activity is compared with 
a Radium standard. In this comparison it is unnecessary to know the 
efficiency of the counting or the value of the solid angle For sources of 
Thorium (G + D) free from Thorium B this determination has already been 
made by Shenstone and Sehlundt * 

Using the wheel method of counting scintillations, this comparison has 
been made for sources of Thorium (B + C + D). To ensure that all the 


& 00 p«r cent / 

ThC' 

B 8 0 C|D. \ 


Th U 

ThC 

/ \ 


\ X 

Th Lead 
Fig 3 


v a 35 per cent 

Th D 
/ 

' S 


* 1 Phil. Mag./ voli 43, p. 1038 (1623). 
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active deposit should be on the front of the source, the metal {date, when exposed 
to the emanation, was protected by an ebonite cap and backed up by a rubber 
washer, The way in which the measured gamma-ray effect depends on the 
thickness of lead surrounding the electroscope is shown in fig. 4. 
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The curve foi Thorium (C + D) given by Shenstone and Schlundt is also 
shown Since the gamma rays of Thorium B have an absorption coefficient in 
lead of about 2-0, the gamma-ray effect of a source of (B -f- C + D) when 
measured through IB mm of lead will be due almost entirely to (C + D) alone. 
Putting them equal at this thickness of lead we obtain thl curve in fig 4. The 
sources used for the beta-ray spectra were measured through 6 mm of load, At 
this thickness we see from fig. 4 the ratio is 1 ■ 06 Now Shenstone and Schlundt 
found that the number of alpha particles of range 8-6 cm. emitted by a source 
of Thonum (C + £>) was 0*77 of the number of alpha particles emitted by a 
source of Radium (B + G) which when measured through 6 mm. of lead had 
the same gamma-ray effect. It is known that the particles of range 8-6 cm 
form 60 per cent, of the total from Thonum (6 -+■ D), so that the results may 
be compared. 

I have to thank Mr, Wormall, of this laboratory, for his assistance in counting 
scintillations, When 5,000 particles had been counted, the ratio Thorium to 
Radium was found to be 1 *07 for one observer and 1 *06 for the other. From 
the data given in the preceding paragraph it appears that the value to be 
expected for (B 4- C + D) from Shenstone and Sohlundt's counting of (C + D) 
0-77 

is ^ 0 p " 2 " Q 6 = 1 ' 12 - Ttay counted 26,000 particles and claim a probable 
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error of 2 • 5 per cent.; bo that a value for the ratio of 1 -10 is within the probable 
error of both determination*. The number of disintegrating atoms for equivalent 
gamma-ray activity is therefore 3 74 10 7 per second per milligram,* taking 
Geiger's recent value for the number of alpha particles from Radium ; Hess 
and Lawson's value gives 4 09 10 7 as the number for Thorium (B -J- C + D) 

5 The Number of Beta Particles 

In the diagrams the electron-current has been reduced to a standard sensitivity 
of 3,000 divisions per volt, and a large correction has been subtracted for particles 
reflected from the metal plate on which the radioactive material was deposited 
Schonland has recently measured the amount of reflection of electrons of velocity 
H P 1100, which is where the maximum concentration of particles occurs m 
fig. 5, He found for aluminium 13 per cent, were reflected, and for nickel 
30 per cent Another correction to be applied is 1 per cent to be added for 
particles which escape from the Faraday cylinder after reflection inside. 
Corrections of 12 per cent for aluminium and 29 for nickel hfcve therefore been 
applied, 

The method of calculating the solid angle for a line source was given in the 
previous paper. In the present case it has to be averaged over the surface of 
the metal plate, the value was found to be 0 048 Owing to the magnetic 
dispersion the number of beta particles actually entering the Faraday cylinder 
was a fraction about 1/10,000 of the total number being emitted The electro¬ 
static capacity of the system was redetermined, and it was found that the 
addition of the compensating chamber had increased the capacity from B7 to 
98 cm. A current of one division per minute at standard sensitivity is thus 
equal to 3,800 electrons per second This means that the total number emitted 

4tc 3800 

in all directions which this current represents is — ^=1 -0 million electrons. 

r 0 048 

The method of integrating the spectra to find the total number of particles 
was described in the previous paper Owing to the much smaller sources 
available and to their more rapid decay, the accuracy with whioh the number 
of particles in the continuous spectra has been determined is less than that 
obtained for Radium (B + C) using Radon-tubes. The following table gives 
the approximate number of particles, after making the above corrections for 

* For the sake (rf convenience flg. 1 haa been dravrn to correspond to the mum number 
of disintegrating atoms m fig. 2, though actually a 11 milligram " of (C 4- D) in terms of 
gamma-ray effect has mote disintegrating atoms than (B -f C + D) when measured through 
8 nun. of lead. 
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reflection. For Thonum D it must be remembered that the number of 
disintegrating atoms is only 35 per cent of the number of Thorium B, 


— 

Division* per 
nun. per mg 

Electrons 
per wc 

Electron* per LOO 
atom* of Th B 

1 

Peak at Hp 1896 

Thonum B 

0 | 9 10* 

W 

Remainder of Th B Spectrum 

| 45 

45 10* 

120 


Thonum D 

per 100 atoms of Th D 

Peak at Hp 540 

2 7 

2 7 10« 

21 

Peak at. Hp 670 

1 0 

1 0 I0 B 

7 0 


Thonum (U -f D) 

per 100 atoms of (C + D) 

Remainder of & poet rum 

---1- 

44 

44 10« 

1 LB 


It has been pointed out above that the three peaks included in the table are 
the only beta-ray lines that have been studied The method is not suitable 
for the investigation of lines which do not stand out as definite peaks 


6 The Interned Conversion Coefficient of the Gamma Rays . 

It is unnecessary to repeat here the argument that the beta-ray lines are 
due to absorption of the gamma rays not in neighbouring atoms but almost 
entirely m the atom in which they originate. The origin of a gamma ray is 
believed to be the transition of the nucleus to a quantised state of lower energy. 
It is therefore very unlikely that any atom in breaking up should emit more 
than one gamma-ray quantum of the same energy. The peak of Thonum B at 
Hp 1398 is due to the conversion in the K-levol of a gamma ray of energy 
150,000 volts The peak contains 25 particles per 100 disintegrating atoms, 
so that if we are right in supposing that no atom can emit more than one 
quantum of this energy, there cannot be more than 100 gamma rays to produce 
these 25 beta particles. The chance of a gamma ray being converted in the 
K-level instead of escaping from the atom must therefore be at least 1 m 4. 

The two peaks found for Thorium D are due to the conversion of gamma 
rays of 40,500 volts Since this is less than the energy of the K-level, absorption 
in that level is impossible. The peak at Hp 040, containing 21 electrons per 
100 atoms, is due to conversion in the L a -level, and the other peak, containing 
7'0 electrons, to conversion in outer levels Using the same argument as 
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above, we have at most 100 gamma-ray quanta bo produce these 27 electrons, 
bo that the probability of conversion m the atom must be more than 1 in 4. 
The coefficient for the L-level alone must be more than 1 in 5 

These values are even higher than the estimate given previously for Radium B. 
That calculation was based on Kovank’s experiment, which appeared to Bhow 
that Radium (B + C) omits two gamma rays per pair oE atoms in addition to 
all the gamma rays which by internal conversion give rue to the beta-ray lines 
Taking this number it was divided equally between B and C, and the gamma 
rays of Radium B were then shared out among the various frequencies in the 
ratio of the observed intensities of the peaks Sixteen gamma-ray quanta per 
100 disintegrating atoms would in this way be allotted to the line Hp 1410, 
which is the most interesting line to consider, since it has almost the same 
energy as Hp 1398 The internal conversion coefficient may well vary with 
the frequency of the gamma ray, or with the structure of the extra-nuclear 
levels But since Thorium B is isotopic with Radium B, it would be interesting 
if the value were different for these two lines oi nearly the Same energy The 
number of electrons in the peak at Hp 1410 was found to be 2 G per 100 atoms. 
Thus to give a minimum conversion coefficient of 1 in 4 such bb has been found 
for 1398, we should require the corresponding number of gamma rays to be 
not more than 10 per 100 atoms. This is quite possible, for we clearly do not 
know how to share the gamma rays between the lines of Radium B and C It 
seems dear, however, that the average value of the coefficient is smaller This 
we should anticipate, since most of the gamma rays are of higher frequency 
than that giving 1410, and by analogy with external absorption we should 
expect the absorption to decrease with increasing frequency, the coefficient 
cannot however decrease so rapidly as X s . 

The conversion of a soft gamma ray in the L-level is quite analogous to the 
internal conversion of a quantum of £ radiation in the L-level. Values for the 
coefficient have been found by Auger * and by Bothe-t It has been suggested 
that the conversion of K radiation is due to a coupling of two electrons, one of 
which leaves the atom while the other jumps from the L to the E-level. If 
this is true, then conversion of gamma rays is probably not comparable with 
that of X-rays, since any coupling between the nucleus and the L-level is likely 
to be of a different land 

The gamma ray giving the Thorium D peaks has a frequency near that emitted 

* ‘ Comptes Rendu, 1 voi. 182, pp. 779 and 1915 (1995). 
t 1 Phjs. Z: rol 26, p. 410 (1025). 
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by Radium D. For that gamma ray Gray* deduced an internal conversion 
coefficient of O'67. In hie calculation be did not, however, take into account 
the internal conversion of the L radiation in the M ring. This effect is likely 
to be large, since Auger found a value 0-75 for conversion of the L radiation 
of Xenon. This would raise the coefficient of the Radium D gamma rays 
from 0-67 to about 0-9. The sue of the Thorium D peaks found here would 
be consistent with a high value of the coefficient if only about 1 in 3 atoms 
disintegrating emits a 40,BOO-gamma ray. 

7. The Continuous Spectra 

The absorption coefficients in aluminium allotted to the beta particles of 
Thorium C and Thorium D are not very different, 14*4 and 21-6,T while that 
of Thorium B is 153 0. Since the average velocity of the particles from C and 
D are nearly the same, we should expect their spectra to be one on top of the 
other The curve obtained shows no sign of separation into two spectra We 
expect 36 per cent to belong to C and 66 to D. The total number of particles 
is sufficient to contain the nuclear electrons of both C and D. We have therefore 
now six beta-ray bodies known to possess continuous spectra of the appropriate 
magnitude, Radium B, C and E, Thorium B, C and D. Uranium X 1 has 
also been shown to possess a continuous spectrum, most intense at 100,000 volts,} 
but the number of beta particles in it is not known There does not seem to 
be any information about the nuclear electrons of other bodies 

If fig. 5 is compared with the curves given previously for Radium B and C, 
it is seen that a remarkable analogy exists between the two series. The con¬ 
tinuous spectra of Radium C and Thorium (C 4* D) extend over a very wide 
range of velocities, while those of Radium B and Thorium B are confined to 
a range of low velocities, Now the important fact emerges that the line spectra 
of these bodies are confined to the same regions as their continuous spectra. 
Thus Radium B emits no beta-ray line of velocity greater than Hp 2480, and 
Thorinm B nothing above Hp 2096, although the lines of Radium C and 
Thorium D are spread over a wide range 

The continuous spectra and line spectra are roughly co-extensive, and it 
may be that this points to an important law in beta-ray disintegration; namely, 
that no gamma rays of high energy can be emitted by those radioactive bodies 

* 1 Nature ' (Jan. 3, 1026) 

t Meyer, 1 Jahrb. d. Had vol. 17, p. 86 (1020)[ Handen and Darwin, 'Roy. Soo, Proo.,' 
voL 87 f p. 17 (1012). 

} Meitner, 1 Z. 1. Fhyeik, 1 vol. 17, p. 54 (1023) 
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which expel their nuclear electrons with low energies. Another body whose 
beta particle* are known to have low velocities is Radium D. Thu emits only 



very soft gamma rays, which may be connected with the fact that its nuclear 
electrons are slow 

The difference between the extent of the line spectra of Radium B and 
Radium C has been discussed by Ellis and Wooster.* They bring forward an 
idea due to Mr Skinner, which has also been discussed in more general terms 
by Meitner, that the limitation of the energies of gamma rays emitted does not 
at all imply a restriction of the nuclear-level system. The energy of the hardest 
gamma ray depends only on the level from which the disintegration electron 
has just been expelled , and the maximum kinetic energy of the nuclear electron 
itself presumably also depends on the level from which it comes. So that since 
both are governed by the same factor, it is not surprising that the energies 
are oo-extensive. 


8. The Heating Effect of the Beta Particles 

By integrating the energy in the spectrum we obtain the heating effect due 
to the kinetic energy earned by the beta particles, as was done for Radium B 


• - Proo. Crab. Phil Sac.,’ vd, 22, p. 849 (1925). 
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and C. For a source of Tbonum (B + 0 + D) whose ganuna-ray activity 
meftsured through 6 mm. of lead is the same as that of one gram of Rad i um , 
we find the values 4*1 calories per hour due to Thorium (C -|-D) and 0-66 
calories for Thorium B 


Summary . 

The measurements of the absolute number of beta particles emitted with 
different velocities in beta-ray spectra have now been extended to the spectra 
of Thorium B and Thorium (C + D). The separate existence of continuous 
and line spectra is proved by the presence of the continuous spectrum of Thorium 
(C 4- D) in the large gap in the line-spectrum between Hp 4040 and 10,080 
In these spectra, as in the spectra of Radium B, C and E, the total number of 
particles is found to be consistent with the view that they contain the nuclear 
electrons, of which there must be one from each atom disintegrating It is 
suggested that the fact that the energies of the particles in the line spectra of 
different bodies arc roughly co-extensive with the energies of those in the 
continuous spectra points to a law of beta-ray disintegration, namely, that 
no gamma rays of high energy can be emitted by those radioactive bodies 
which expel thou nuclear electrons with low energies. 

From the measurements of the number of particles in certain beta-ray lines, 
minimum values havo been deduoed for the probability that the gamma-ray 
quantum is concerted into a beta ray instead of escaping from the atom, For 
the gamma ray of 150,000 volts energy, emitted by Thorium B, it is found that 
the coefficient of conversion in the K-level must be at least 1 m 4 For the 
gamma ray of 40,500 volts emitted by Thonum D, the coefficient of conversion 
in the L-level must be more than 1 in 5. 

In conclusion, I wish to express my thanks to Su Ernest Rutherford for his 
interest in this work, to Dr, Chadwick for loudly preparing the radioactive 
sources, and to Dr. Ellis for helpful criticism. 
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Experiments upon the Reported Transmutation of Mercury into Gold, 
By M W. Garrett, B A , Exeter College, Oxford 

(Communicated by Prof. K A Lindemann, F B 9 —Received July 14, 1926 ) 

The possibility oi effecting a transmutation of the atom by electronic bom¬ 
bardment, as distinct from the alpha-ray methods so successfully used by 
Rutherford and others, has attracted attention from time to time in recent 
yean The first to report success in such an experiment was Ramsay, who 
announced in 1912 the artificial production of helium and neon in X-ray bulbs 
The controversy aroused by his announcement has not yet subsided, for Riding 
and Baiy have supported quite recently, in this Journal, the genuineness of 
such a transformation 

Miethe,* in 11)24, reported the transmutation of mercury into gold, and 
since the original announcement he has described various experimental arrange¬ 
ments which he claims have proved successful If Two principal methods have 
been employed by this investigator First, a Jaenicke mercury vapour lamp, 
operating at atmospheric pressure with a current of 12 5 amperes, a terminal 
voltage of 170, and a potential gradient of 11 or 12 volts per cin., was run for 
20 to 200 hours, and amounts of gold up to O' 1 mg reported, though no direct 
proportionality existed between the quantity of gold and the number of hours 
run. Miethe also reported the formation of silver in these experiments, often 
in larger amounts than the gold, and stated that the yield of noble metals was 
increased by irregular burning of (he arc, with frequent extinction and 
relighting No gold was obtained from ^vacuum arcs The second method was 
a development of the first, in which the effect of irregular burning was arti¬ 
ficially enhanced by constant interruption of the arc. The final simplified 
form of this experiment consisted in the employment of an ordinary rotating 
mercury interrupter, and with this apparatus Miethe states that he obtained 
for the first time consistently reproducible results, a direct proportionality 
existing between the number of ampere hours run and the yield of gold (about 
4 X 10” 7 gin. per ampere hour.) He also describes a senes of experiments 
in whioh one and the same quantity of mercury (cs. 1'3 kg ) was submitted 
to a number of successive runs, about a score in all, when no diminution of the 
• 1 Natonr vol L2, p 607 (1924); ‘ Nature,’ vel. 114, p. 197 (1924). 
t SUmaretoh, ‘ Nature vol. 12, p 744 (1924) i Miethe and Stanrmrelah, * Nitanr.,' 
tel 13 , p. 6S0 (1926), 1 Z. teuhn. Phye./ vol. 6, p. 74 (19M); ' Z. aoorg. Ch./ vok 100, 
900 (1926). 
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yield was observed. He states that self-inductance was here found to be 
absolutely without effect, though from certain earlier experiments Jin bad 
believed that the inclusion of an inductance in the circuit increased the yield. 
No mention is made of the production of silver iu these experiments 
Nagaoka," working quite independently] used an induction coil capable 
of giving a spark of 120 cm length. With a capacity of 0 002 fi F in parallel 
and a secondary current of 10 ma he sparked for four hours between a tungsten 
pole and a mercury surface under transformer oil, until the entire moss car¬ 
bonised. He then tested for gold by methods which, though they could give no 
quantitative idea of the amount present, seem to have been qualitatively 
reliable, and he states that all the tests were unmistakably positive In a 
second, somewhat different, experiment he found mainly silver 
It seemed worth while to make some attempt to confirm or refute these 
experiments, more especially since there appeared, shortly afterwards, au 
announcement by Smitst that he had succeeded in transmuting lead into thallium 
and mercury by a somewhat similar method When the work described in this 
paper was undertaken] only the positive results outlined above were extant. 
Since then, no further positive results have been reported, whereas negative 
results have been announced by various experimenters! operating under 
diverse conditions Of these the work of Haber is the most complete, as well 
as the moat recent. In some cases the published papers contain so few details 
of experimental conditions, duration of the runs, and analytical methods, that 
it is difficult to draw any conclusions from them A general discussion of the 
various results will be postponed until after the description of the experimental 
work carried out by the writer has been completed 

Experimental 
EkshUaiwn oj the Mercury 

The mercury employed in these experiments was token from a single stock 
prepared by two successive distillations and kept in a glass-stoppered bottle 

* ‘Naturw vol 19, p 682 (1025), and vol. 14, p. HA (1626); 4 Nature, 1 vol. 110, p. 60 
(1926), 1 J Physique et JU vol. 0, p. 200 (1D2A). 

t 4 Naturw vol. 13, p. 600 (192A), 4 Nature,' voL 117, p. 13 (1926) (An sumlnatioD 
of the results of Smite u now in pro grew, and it is hoped to be able to report upon it, as 
vrsll as upon certain related work, in the near future,) 

X Sheldon and Estey, 1 Bel. Aroar./ p. 296 (Nov., 192A), and p. 309 (Dec., 1920) ; 4 Nature,' 
vol. 116, p. 702 (1926), Ttede, Schleede and Goldschmidt, 1 Naturw ,’ vol. 13 r p, 74A 
(1926), PJutta and Boggio-Lera, * Rendlo. Aocad. Sol. Fis. Mat.’ (Naples) (Sept,-Dea., 
1926); 4 Nature/ vol. 117, p. 604 (1926), Baber, Jaenicke and Matthias, ‘Naturw./ 
vol. 14, p 406 (1926); 1 Z. anorg Ch./ vol 163, p. 163 (1926), 
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Two identical ntillB of Pyrex glass were employed, one for each Htagc of the dis¬ 
tillation. These were of ordinary design, consisting of a wide inverted TJ-tube 
and two narrow limbs of barometric height dipping into reservoirs of mercury 
When once exhausted, baked out and sealed, they were quite continuous in 
operation, it being necessary only tu pour the mercury into one side and draw 
it off from the other They were electrically heated by means of niohrome 
coils of high resistance, uu that only 5() watts w T ere expended in heating in each 
still, and in spite of the wide tubes (!l cm ) and water cooling, the rate of 
distillation was only about 100 gm per hour Under these circumstames 
the temperature of the mercury did not rise much above 150°, and evaporation 
took place quietly from the surface Since the whole of the input side of the 
still was heavily lagged with asbest-os cord, any particles which might be situated 
in the free apace above the mercury were not subjected to any unnecessarily 
heavy differential molecular bombardment from below (as in a mercury 
vapour pump), and there was no tendency for surface impurities to be 
mechanically carried over with the vapour 

These details are mentioned here because of the fierce (and somewhat point¬ 
less) battle which has been waged over the question of whether the noble meUlB 
arc completely removed from mercury by distillation This question is of 
some interest in itself, but its importance to the transmutation controversy 
has been greatly over-estimated For Miethe has regulaily analysed hia 
mercury after its electrical treatment by the same process which he employed 
before it, and his blank experiments have been invariably negative The 
question of whether distillation removes all traces of gold is thus clearly rpsolved 
into tho question of whether distillation removes electrically treated gold more 
efficiently than it does ordinary gold. Nobody has yet attacked this problem 
experimentally , or rather this problem is, experimentally considered, practically 
identical with the transmutation question proper. 

Hulett p Kieecnfeld and Haase, and Tiede have all reported* that gold dis¬ 
tills over m small quantities with mercury, though all except Tiede agreed that 
two or three distillations even of a strong amalgam were sufficient to reduce 
the concentration of gold to the extreme limit detectable. Tiede found that 
under certain conditions the gold actually concentrated itself in the distillate, 
a sufficiently improbable result which is in want of confirmation. 

Miethe and Btairunreich,t as the result of methodical experiments on the 

• Hulett, 1 Phya. Rev vol. 33, p, 308 (1011); Rieeenfeld and Hum, ‘ Ber. deuteoh. 
Ck Q«e vol 88, p. 2828 (1028); Tiede,' Phys Z / vol 26, p. 848 (19M). 

t ‘ Phyi Z/ vol 28 , p 842 ( 1028 ); ‘Ber denUch. Cli. Gen.,’ vol. 30, p. 350 (1028); 

* Z. auorg. Ch vol 140, p, 263 (1028) 
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distillation of amalgams of various metals, have concluded that with proper 
precautions these metals pass over into the distillate only by virtue of their own 
proper vapour pressure (t.e, in very small amounts, so small as bo he beyond 
the limits of detection in the case of the noble metals) They believe that where 
gold is not removed from mercury by a single distillation, the cause is to be 
sought in small particles of it having been carried over mechanically with 
droplets of mercury which have reached the receiver without passing through 
the vapour phase at all. This form of mechanical contamination can be 
eliminated by careful attention to the design of the apparatus and regulation 
of the conditions of distillation They quote Michaehs in support of this view, 
which is shared by the present writer, and is capable of explaining the results 
of the other experimenters Hulett distilled at a pressure of over a centimetre 
with a stream of air bubbling through the mercury, whde the work of Riesenfeld 
and Haase is fragmentary, and is otherwise open to grave objections which 
have been pointed out by Miethe Never in the course of the experiments 
described below h&s it been found possible to detect gold in mercury which had 
been distilled, though in the course of the preliminary analytical prartioo some 
moderately strong amalgams were distilled 


Analytical Procedure 

Methods of analysts have been described by Haber,* and by Miethe and 
Stammreich f The method employed in the present research was essentially 
that of Miethe. This consists in distilling off the mercury till only about one gram 
remains, and dissolving up this last drop, under the microscope, in nitric grid 
of specific gravity 1-20, free from all traces of hydrochloric aoid. The gold 
remains behind as metal, and may be estimated by fusing it m borax and 
measuring the diameter of the resulting sphere 

This method of analysis was tested on 100 gm. samples of mercury to which 
known small quantities of gold had been added, and it was found possible to 
detect 10 -7 gm , and afterwards, with improved microsoopy, 10“* gm of gold 
with absolute regularity It was also repeatedly proved that no gold could 
be detected in the stock of distilled mercury when analysed by this method. 
There can be no question that the analysis could have been rendered still 
more sensitive, but a suitable microscope was not at hand, and it was considered 

* Haber, Jaeniofce and Hatthku, Ux. cit, and Haber and Jaenioke, 1 Z. enorg. Ch.,’ roi. 
147, p. 106 (HttOf, 

t ‘ Z. anorf. Ch./ vol, 140, p 388 (1034), and rol. 148, p. 03 (1026) 
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that quantities of gold less than 10~* gm could have no significance in testing 
piethods said to be capable of producing 10" 1 gm with moderate energy input*, 
particularly since the danger of error through accidental contamination becomes 
quite large when working with quantities below 10“ 8 gm 

All the experiments were so designed as to require minimal quantities of 
mercury, never more than 100 gm and rarely as much as 50 It is perhaps 
unnecessary to add that all the vessels employed in the research had been 
carefully cleaned with boiling aqua regia 


Spark Methods 

The first experiments were similar to those of Nagaoka, but with slight, 
modifications A transformer giving a peak voltage of 15,000 was employed, 
with a condenser of 0*000p F (Opacity The spark was passed between tungsten 
wires in a glass vessel containing an emulsion of fine mercury drops in white 
paraffin oil Miethe, in similar sparking experiments, had always found the 
gold concentrated entirely in the small droplets of mercury dispersed aloDg the 
path of the discharge, and the above method, by starting with a fine emulsion, 
permitted the main mass of inert mercury to be eliminated altogether from the 
experiment, less than 10 gm being required for each run. Furthermore, in 
experimenting on the Stark effect in silver arcs Nagaoka had found that the 
presence of small droplets resulted in a marked local intensification of the 
potential gradient. It was found necessary to place the two wires constituting 
the spark gap less than 2 mm apart in order to permit the spark to pass, so 
that although the actual voltage was much below that employed by Nagaoka, 
the potential gradient remained substantially the same. The gradient is, in 
fact, determined by the dielectric strength of the oil, and it should be noted 
that even this initial gradient becomes much reduced as the experiment proceeds 
and the oil is carbonised The larger condenser permitted heavier secondary 
currents (20-30 ma.) to be employed than those used by Nagaoka, and the 
transformer delivered a much steadier voltage than is obtained from an 
induction coil, 

Considerable trouble was experienced with the bursting of the glass vessel 
and the splashing of the emulsion, and the final form of apparatus employed was 
a glass tube about 6 cm. deep by 2 om. in diameter, with a widely flared top 
ground flat and held against a sheet of ebonite by rubber hands. The tungsten 
wires were earned by thick-walled glass capillaries insetted through the ebonite. 
The sparking vessel was water-cooled It was found possible to run about 
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half au hour before the oil solidified completely and showed a tendency to ate. 
The mixture of miscellaneous organic matter, mercury and carbon whS then 
transferred to a Pyrox flask and distilled in an electric furnaoe, when the carbon 
remained behind This was oxidised by heating in a stream of oxygen, leaving 
hardly a trace of residue of any kind The flask was now washed out with hot 
aqua regia, the solution diluted, and a small drop of mercury added. When 
this had dissolved, the solution was make alkaline with ammonia, and the 
mercury reprecipitatcd by the addition of ammomacal 6 per cent hydrazine 
sulphate solution The mercury drop, which would have earned down with ib 
any gold present wan filtered off, washed, and dissolved up as usual, under the 
microscope, in dilute nitric acid This experiment was 
repeated several times, with uniformly negative results. 

Distilled water was then substituted for the oil, in 
the hope that it could be made to run longer without 
losing its insulating properties Aluminium electrodes 
were employed, and the emulsion was prepared by 
passing an arc at 100 volts between an aluminium pole 
and mercury at the bottom of a beaker of distilled 
water But the water always became conducting after 
20 minutes to half an hour, and the explosive spark at 
first produced could no longer be maintained One lot 
A of mercury in water emulsion was analysed after about 
25 minutes’ run, but no gold was found 

linger runs and larger energy inputs were found 
possible when hydrogen was used as the dielectric. 
The apparatus used is sketched in fig 1 It Was 
constructed iu Pyrex, with a tungsten wire sealed into 
the bottom to establish contact with the mereury pole 
The other pole consisted of a 4 mm. iron rod, clamped 
by means of a set-screw into a steel tube attached to 
the copper electrode A, The latter was turned down to 
a thin tube at its upper end, and sealed directly into the 
central glass tube carried by the ground joint This 
(c* electrode was kept cool by the boiling of water which 
Pjq ] filled the central glass tube, and the mercury pole was 

cooled in a similar manner by a vessel of water In 
which the oliter tube was immersed The apparatus was connected during the 
experiment to a reservoir of hydrogen, and the ground joint fitted So #ell 
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that without any lubrication only a few cubic centimetres of hydrogen per hour 
escaped through it. 

With a spark gap of about 1 cm and a capacity of 0 01 p K, the secondary 
current of the 15,000-volt transformer was 75 ma,, and the current in the spark 
gap 15-20 amperes A limrt to the useful length of a run was set by the con¬ 
tamination of mercury and glass by fine dust from the iron pole, which burned 
away at the rate of about half a millimetre an hour, so that the apparatus had 
to be continually reopened and this pole reset Two analyses were made on 
runs with this apparatus, one after five hours and one aEter twelve. The liquid 
meroury was mechanically separated from the superincumbent emulsion of 
finely divided mercury and iron dust, the former was dubilled to a residue of 
1 gm„ and the latter digested with aqua regia until all the mercury had dis¬ 
solved. The residue from the distillation was dissolved ui the solution contain¬ 
ing the extract of the emulsion, the mercury precipitated with hydrazine, and 
the remainder of the analysis proceeded with as usual. The result was negative 
m both oases 

The conditions in such a spark discharge might be expected to be very 
favourable to the formation of gold. In the first place, it seems highly probable 
that doubly charged ions of mercury are present, the significance of this fact 
will be discussed hereafter, The spectrum of this spark showed a very different 
intensity distribution from that of the mercury vapour lamp, the three lines 
6149, 5679 and 5425 being among the strongest on the plate. The light was 
nearly white except at the non pole, where it was coloured quite red by a 
preponderance of the Ha hue 

In the second place, Miethe concluded, from the irregularity of his early 
results, that the formation of gold depended upon the exact reproduction of 
oertain conditions of potential gradient and current density, which he was 
unable to define, but which he assumed his arcs passed through at some stags 
during the changes accompanying extinction and relighting. Now in an 
oscillatory discharge such as that here employed, the current vanes between 
a maximum value of several hundred amperes and zero, and the voltage between 
the limits of 15,000 and zero, so that at some time during the cycle the favour¬ 
able conditions should be reproduced , and the cycle is repeated 100 times per 
second. 

Interrupted Arc Method, t * 

A. method was now developed which proved capable of giving more decisive 
results. Miethe has constantly maintained that the earlier forms of experiment 
Jwhioh he employed did not yield oonsisteotly reproducible results, and hse.a* 
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occasion attributed the failure of other experimenters to this fact. But from 
the first he has considered the interrupted direct-current arc to be quite reliable, 
and in particular he has found a reasonable proportionality between energy 
input and yield of gold when using a mercury interrupter of standard design. 
It was considered desirable, accordingly, to repeat these experiments in some 
form, but the objections to the ordinary type of interrupter are considerable. 
It makes use of large electrodes of copper in a case consisting of enamelled iron 
or some similar material It is difficult to ensure that these materials are quite 
free from gold, and since the electric discharge plays continually over their 
surface and they are gradually worn away, there is great danger of contamina¬ 
tion from this source Large quantities of mercury (1 5 kg.) must be used, 
and the mercury emerges in a very dirty condition from the run, so that the 
analytical procedure is also rather unsatisfactory The “ blank ” experiments 
of Miethe (in which the interrupter ran without current and no gold was found) 
are not convincing as proof that the gold did not ariBe by contamination from 
the electrodes, since in this case there is no sparking at the electrode surfaces. 
It would be interesting to know whether the mercury did not emerge in a cleaner 
Condition from such a “ blank " determination, as might have been expected. 

To obviate several of these difficulties the construction of an all-glass mercury 
interrupter, with mercury cups in place of the copper electrodes, was under¬ 
taken Such an interrupter was actually completed, but it was never used, 
since a much simpler design was evolved which permitted the use of minimal 
quantities of material and the removal of the foreign electrodes to a point 
remote from the discharge, while preserving the essential features of the break. 

The apparatus consisted of a tube such as that sketched in fig. 2. Thu was 
filled with an amount of meicury indicated in the diagram, sealed ofl in an 
atmosphere of hydrogen, and fastened to a machine which swung it back and 
forth in arcs of 50-60° about the point 0, the 100-volt mains being connected 
to the two endB of the tube "The mercury in the two branches flowed together 
and then separated twice in every swing, an arc being formed and pulled out to 
extinction each time Six or eight interruptions per second were obtained 
in this way, and the sharpness of the break was attested by the intense condensed 
■park obtained in the secondary circuit of an induction coil when the break was 
inserted in the primary circuit Such tubes were first constructed of Pyrex, 
with O'fi mm. tungsten wires sealed into the legs. But the current-carrying 
capacity of the Pyrex tabes was limited to about 12-15 amperes (at make), 
and their life to some 60-70 hours. The intense local sparking removed small 
lakes from the glass surface, which soon became covered with a network of 
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fine eraclu, the mercury vu shghtly contaminated, and the Pyrcx in time 
blackened. A number of tubes burst after some hours’ sparking Nevertheless, 



Pio 2 


three runs were obtained with Pyrex tubes, the current at make averaging 13 
amperes, and the duration of sparking 55 hours. No gold was found in the 
mercury from these tubes, 

A similar tube was now constructed from quartz, as soon as a suitable technique 
had been developed for making the seals into this material. The 0 5 mm, 
molybdenum wire to be used was first heated to incandescence tn vacuo to 
remove occluded gases, and the quartz was then shrunk upon the molybdenum, 
also in vacuo, and the seal completed by means of pure lead and a short length 
of copper wire. Such seals were always found to be quite vacuum-tight, but aa 
an additional precaution the hydrogen was introduced, after baking out and 
filling with mercury, at such a pressure that the constriction would only just 
cc Haps c on sealing the tube off from the pump. Thu ensured a pressure greater 
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than atmospheric at all times on the mercury at the seal, and particularly 
when the tube was heated by the arc. 

It was found possible to operate this tube indefinitely with 30-ampere sparks 
at 100 volts The mean current was given as 10 amperes by a thermal junction 
constructed of 22-gauge copper and eureka wires, mounted m a brass case 
immersed in water, and calibrated on direct current, Tbe tube was run under 
these conditions for 144 hours It was then operated £rom a direct-current 
dynamo, delivering 240 volts in 18 ampere sparks (7 amperes average) for a 
further 144 hours During the last 24 hours of this run, the primary of an 
induction coil was included in the circuit, energy being drawn from the secondary 
in the form of a condensed spark discharge m air At the end of thiB tune the 
quarts tube remained as clear as at the beginning of the experiment, while the 
mercury surface was perfectly bright and imcontaminated. The tube was, in 
fact, indistinguishable in appearanoe from a fresh one 

In the analysis of this run, distillation was avoided, on aoqottnt of the con¬ 
troversy referred to above Two samples of 15 gin each were drawn from the 
stock bottle of distilled mercury. To one of these was added 10" -8 gin of gold 
Both samples were dissolved in nitric acid, also ready mixed in a stock bottle. 
The 10” 8 gm of gold was identified without question by several people when 
the mercury to which it had been added had dissolved The other sample of 
mercury left no residue whatever The quartz tube was now opqnod and found 
to contain 18*8 gm of mercury, which was dissolved up at onco in acid from the 
same stock bottle as had been used for the blanks. It left behind a residue 
about 0 03 mm in diameter, consisting of a flattened reticulated skeleton of 
some dark material, presumably sibca Not a trace of the lustre of metallic 
gold could be discerned The blank tests which were carried out simultaneoualy 
with this analysis remove all doubt as to the sensitiveness of the test, 10 -s gm_ 
of gold could have been detected with absolute certainty. u 

It is easy to form a rough idea of the amount of gold which should have 
been expected m this experiment according to the results obtained by Miethe. 
If we take the efficiency nf the arrangement, expressed m grams of gold per 
ampere hour, to be the same as that of Miethe's rotating mercury interrupter, 
we arrive at an estimate of 1 mg. of gold, an amount larger than that which 
any experimenter has claimed to produce m a single run A more accurate 
estimate u probably obtained by considering the number of “ ampere sparks.” 
That is, if Miethe's view of a “ labile state " passed through by the am onoetin 
each cycle is correct, an approximately constant amount of gold shoqtdbe 
produced each time an arc of 1 ampere is made and extinguished, and ttiathe’a 
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own reflulta indicate that the yield is directly proportional to the current for 
the same number of interrupted arcs , hence, we arrive at the " ampere spark H 
as the effective unit of gold-producing electrical energy Assuming now four 
interruptions per second (a very conservative figure) m the quartz tube, and 
taking Miethe’a figure of 2,000 per minute for the frequenry of interruption in 
his mercury break, the above estimate ih reduced to 0 II mg , which is still 
at least 11,000 times the amount of any gold which may actually have been 
produced. 

Ducussiort 

There are various theoretical objections to the work of Miethe and of 
Nagaoka Perhaps the most cogent arises from a consuleration of the voltages 
which they employed in their cxjienments In order to bring about a trans¬ 
mutation of the atom, it is first necessary that the bombarding particle—m this 
case an electron—should penetrate the successive electronic orbits, and gain 
access to the nucleus. The most obvious method of ensuring this is to make use 
of electrons of sufficient velocity to excite the hardest K radiation of the element 
in question. The corresponding voltage, in the case of mercury, is about 
83,000, and though Nagaoka employed considerably higher terminal voltages 
than this, it is impossible that any individual electron could have possessed 
more than a small fraction of the required velocity , for the potential gradient 
in these experiments was about 15,000 volts per millimetre, so that the electron 
would have to fall freely through the field for a distance of 5 5 mm in order to 
attain the velocifc/in question The actual free path must have been of quite 
a different order of magnitude from this, and it is, of course, well known that 
the K spectra are not excited under the conditions of Nagaoka’s experiment 
The highest electronic velocities hitherto applied to the transmutation of 
mercury were probably those employed by Haber m his experiments with an 
X-ray bulb whose anticathode consisted of frozen mercury , but here a voltage 
of 8,000 was not exceeded. 

However, the work of Ramsauor* and others on the rare gases indicates that 
under certain conditions these extreme electronic velocities may not be necessary, 
for certain atoms show a marked transparency to very low-voltage electrons 
Where such a property exists, it is obviously of advantage to use as low a 
voltage as possible, partly because a slow-moving electron, once safely inside 
the innermost electronic orbit, might be expected to be more readily attracted 
into the nucleus than a fast one, but principally because with low voltages it 

• 1 Ana. d. Fhysik,' voi. 64, p. 513, and vol 66. p. M0 (1931). 
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is possible to use much larger currents, and thus by increasing the number of 
elec krone to ensure a greater chance of scoring a hit upon the nucleus. 

Brode* has examined the mean free path in mercury vapour of electrons 
possessing velocities between O'4 and 150 volts, and has found between these 
limits no indication of any special transparency of the mercury atom , neither 
does extrapolation of his curves suggest the existence of any such property 
at other voltages Thus it begins to appear doubtful whether any of the 
electrons in the various transmutation experiments really had access to the 
mercury nucleus at all. Franck has suggested that doubly charged ions might 
resemble a rare gas to such an extent as to exhibit transparency to electrons of 
certain velocities, but an experiment described in this paper, as well as a some¬ 
what similar one performed by Haber, irt both of which such doubly charged 
ions were probably fairly numerous, proved quite as incapable as the rest of 
yielding gold 

We cannot altogether reject the possibility that the electron, onoe inside the 
innermost planetary orbit, should be attracted towards the nucleus and might 
fall into it This might occur with suih violence as to produce disruption of 
the nucleus , or, alternatively, the invading elertron might be captured and 
remain permanently attached to the nucleus, thereby giving rise to the inverse 
of a beta-ray disintegration, and reducing the atomic number by one unit The 
latter seems the more likely alternative, though Nagaoka has supported the 
former. He was led to undertake his experiments by observations on the 
spectrum of mercury, from which he concluded that the nucleus contained a 
quasi-elastically bound proton which might be dislodged by bombardment with 
very swift electrons. But the theory of Nagaoka has been attacked by Rnngef 
and the experimental work by Wood .J The theory was based, moreover, on 
a list of the isotopes of mercury, which has since been revised by Aston, 

If a transmutation of the inverse beta-ray type is to occur at all, the most 
hopeful case would seem to be that of two neighbouring elements in the 
periodic table exhibiting isobansm. Unfortunately, Aston's table of isotopes 
does not reveal a single established case of such a relation, though the isotopes 
of gold, lead and thallium, all of which are involved in the reported trans¬ 
mutations, have not yet been established, Hfivugsohmid's determination of 
the atomic weight of Miethe'B gold, though a triumph of analytical chemistry, 
has lost its significance in view of Miethe’s recent statement (at a meeting of 

• ' Roy. Soc Proc / A, vuk 109, p. 897 (1925). 
t ‘Nature,’vol. 119, p 781(1924) 

) ‘ Nature/ voL 110, p. 44 (1925). 
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the Reiman Chemical Society, May 10, 1920) that the gold which he sub¬ 
mitted to Honigschmid for this detenumation won not actually produced by 
himself under known conditions, but was obtained from residues found in old 
mercury lamps 

In the present state of our knowledge of atomic physics, it is difficult to form 
an estimate of the importance of these theoretical considerations In the 
circumstances, therefore, it is perhaps safest to regard the whole question from 
the purely experimental point of view When this is done, it is found that the 
various experimenters have arrived at mutually incompatible conclusions 
Further, it seems probable that the cause of the contradiction is not to be 
sought in a difference in the electrical conditions of the experiments Granted 
that the formation of gold ih bound up with some one particular set of con¬ 
ditions (potential gradient, current density, etc ), and that these conditions are 
difficult to reproduce, it may perhaps be argued that no single sot of similar 
experiments leading to negative results is convincing But when the wide 
diversity of the experimental arrangements which have failed in the hands of 
several investigators to produce gold is considered, it appears that every 
positive experiment has been adequately confuted by a negative one 

Miethe has always refused to recognise the validity of any negative results 
obtained by repeating his own earlier experiments, on the ground that only the 
intemipted-arc methods are capable of giving consistently reproducible results. 
He is justified in taking this stand, but the interrupter experiments now appear 
to be at least as conclusively negatived as any of the rest by one of Haber's 
experiments, in which the fluctuating current passed by a rotating mercury 
interrupter was made to traverse a mercury vapour lamp, and more particularly 
by the quartz tube experiment described in this paper, where the electrical 
conditions were to nil intents and purposes identical with those existing in the 
interrupter experiments of Miethe. For it is hardly conceivable that the actual 
difference in speed of motion of the mercury in the two cases can appreciably 
affect the electrical conditions, when it is considered that the maximum velocity 
of the mercury jet in a rotating break is very small compared with the elec¬ 
tronic and even molecular velocities The abrupt and complete extinction of 
the arc in the tilting quartz tube was shown by the efficiency of the apparatus 
as an interrupter for an induction coil, by the small ratio of mean to short- 
circuit current, and by the behaviour of an incandescent lamp connected across 
the terminals of the tube. Even if one admits a slight difference between the 
electrical conditions in this experiment and Miethe's, to assume that it could be 
such as to yield large quantities of gold in the one case and absolutely none in 
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the other is quite inconsistent with Miethe's own earlier work on continuously 
burning and interrupted arcs The explanation of the discrepancy between 
.Wiethe's results and those described in this paper must be sought elsewhere. 

Much the most probable explanation seems to be that Miethe’s gold was 
derived from the electrodes or other materials of the vessels used, though this 
conclusion is not altogether satisfactory, in view of Miethe’s statement that 
the purity of all the materials he employed was “ dauernd kontrolliert ,F 
Further details of these controls would Beem desirable 

Perhaps also it is straining a point to attempt to explain in this way the 
direct proportionality which he obtained between power input and yield of 
gold, but it is possible, particularly since discrepancies of the order of 40 per 
cent were found In this connection it ib significant that the method which 
has given the most consistently reproducible results is one which is so con¬ 
spicuously untidy that only the most ngid proof will serve to eliminate the 
suspicion of contamination Apart from the interrupter experiments, it is in 
general true that the most successful arrangements were the least satisfactory 
from the point of view of cleanliness 

Additional support is lent to this view by a consideration of the status of the 
silver question Sliver was found and reported m many of the earlier experi¬ 
ments, both of Miethe and of Nagaoka, but Miethe makes no mention of it in 
his later experiments, and has apparently ceased to estimate it. The whole 
question has been allowed to lapse until Haber in a recent paper called attention 
to ita importance It is almost inconceivable that the silver could be formed 
by disruption of the mercury atom, and if silver can find its way into the 
mercury by accidental contamination during the course of the experiments, 
there is nothing to exclude the possibility of the gold having a similar origin. 
It would thus seem to be a matter of the utmost importance to determine the 
silver simultaneously with the gold in every experiment in which gold is 
believed to be produced, as a direc t check upon the thoroughness with which 
accidental contamination has been eliminated It is unfortunate that Miethe 
has not continued to carry out this estimation in all his experiments. 

Haber has also reached the conclusion that Miethe’s gold came from his 
electrodes, and has given experimental evidence in support of his conclusions, 
though it must be admitted that this evidence is not altogether comustent 
with the results of the experiments described m this paper , for, if contamina¬ 
tion from the materials of the seals occurs as readily as Haber has found, it is 
difficult to understand the uniformly negative results of the present investiga- 
tion, The writer feels that Borne of the results of Haber stand themselves in 



Reported Transmutation of Mercury into Gold 405 

need of further elucidation. In one experiment, in particular, he found an 
astonishing result. Here 97 per cent, of the entire gold content of several grama 
of nickel and steel wire, employed in the seals of a hot-filament discharge tube, 
diffused m some extraordinary way to the surface of the wire, whence it 
evaporated and found its way quantitatively to the mercury anticathode, 
from which it was recovered by analysis This surprising observation, if 
confirmed, would be capable of explaining in a perfectly satisfactory manner 
most, if not all, of the discordant results obtained by the various experimenters 
Haber, in a very recent paper (already quoted) has announced his intention of 
further investigating this phenomenon. In the meantime, an experiment has 
been carried out by the writer in an attempt to explain it, but without success 

Ordinary diffusion seems powerless to account for such a remarkable result, 
though it might possibly be brought about by some novel form of electrolysis 
To test this point, a small glass tube was divided into a number of air-tight 
compartments by shrinking the wall upon pieces of nickel-steel scaling-in wires, 
which served to establish electrical connection between successive compart¬ 
ments Alternate cells were now filled with pure mercury and a 0*1 per cent 
gold amalgam, each pure mercury compartment having amalgam on both 
sides of it, so as to catch gold electrolysing cither way A current of 2*5-3 
amperes was passed in senes through this tube and a similar one containing 
pure mercury throughout (to provide a blank in caw* of any positive result) 
for a number of houTB Tubes were analysed after runs of 250, 570 and 820 
ampere hours respectively, and again it was proved by direct simultaneous 
determination that 10~* gm, of gold could have been detected had it been 
present No gold was found Further results of Haber will be awaited with 
interest 

Summary 

The transmutation of mercury into gold, reported by Miethe and Stammreich, 
and by Nagaoka, has not been confirmed, The methods employed were as 
follow b — 

A.—Condensed spark discharges at 15,000 voltB were passed— 

1. Between tungsten electrodes immersed in an emulsion of mercury 

droplets in transformer oil. 

2. Between aluminium electrodes under the surface of distilled water 

carrying mercury in suspension 

3 Between an iron pole and a mercury surface in an atmosphere of 
hydrogen. 
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B.—An interrupted direct-current arc of 30 amperes at 100 volts was run for 
six days and nights between pure mercury poles in an atmosphere of hydrogen 
in a quartz tube, followed by a similar arc of 16 amperes at 240 volts for an equal 
period Only 16 6 gni of mercury were used, and the analysis was carried 
out without distillation, simultaneously with appropriate blank tests, which 
proved that 10~ B gm of gold, had such a quantity been present, could not have 
■escaped detection No gold was found 

Special stress is laid upon the last experiment, which duplicates the electrical 
conditions obtaining in the “ most reliable ” method of Miethe and Btammreich, 
while avoiding the attendant danger of contamination from foreign electrodes, 
and which should, in accordance with the results of these investigators, have 
yielded gold in quantities at least 10* times greater than the amount which, 
could have been detected under the conditions of the experiment 

Since the work of Miethe and Stammrcich, in so far as it has dealt with 
analytical methods and with the distillation of mercury, has been in the main 
confirmed, the most probable inference is that the gold which they obtained 
was derived from the materials of their electrodes and their vessels The same 
com luBion has been reached by Haber, but it is pointed out that some of the 
experiments which he has described to prove this point are themselves in need 
of further explanation 

In conclusion, I wish to thank Prof F. A Lindemann for his kind and never- 
failing interest throughout the work, and for numerous highly valuable sugges¬ 
tions at every stage of its progress The work described in tins paper was 
earned out at the Clarendon Laboratory, Oxford, under his supervision. 

Acknowledgment is also due to the International Education Board, whose 
generous financial assistance rendered the work possible. 
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The More Refrangible Band System of Cyanogen as Developed in 
Active Nitrogen. 

By W Jkvona, Ph D , A K C Sc , Senior Lecturer in Physics m tho 
Artillery College, Wonlwicli. 

(Communicated by ProF A. Fowlor, F 11 8 —-Rerniveil Tune 9, 1 *>2fi ) 
fPlfATKs 13 and 14 ] 

1 hurodurtory . 

In 1911 ]j«rtl Rayleigh and Prof A. Fowler* observed that when the vapour 
of a carbon compound is introduced into the afterglow of active nitrogen, the 
two <JN systems— the Ho-called " red ” and " violet M Hystems- -are developed, 
hut their appearance in tins source is strikingly different from the more familiar 
appearance of the same bands in the carbon arc in air The “ violet ” system 
as ordinarily observed in the arc, comprises the four well-known groupsf of 
bands which degrade towards the further ultra-violet from prominent heads at 
XX 4G0G, 421Gj 3883 and 3590 respectively, and four groups of weaker bands, 
the so-called 11 tail ” bands, degrading towards the red The modifications of 
the X 4216 and X 3883 gmups are aliown in figs 4 and 5 of Plate G, in Rayleigh 
and Fowlers paper. The description of these modifications will be much 
facilitated by reference to Table 1, which Bhowa the wavc-longtbs and wave- 
numbers of the baud-heuda, and the initial and final vibrational quantum 
numbers (n, n') for the bands, as well oh other particulars to which frequent 
reference will be made later. The modibcatlonu arc conveniently described as 
two effects.— 

First Effect—In the typical case of tho X 4216 (n* — n' =a -f 1) group in the 
afterglow, there is a modified development of the lines of the first (0, 1) and the 
third (2, 3) bands, and a partial suppression of the heads of the second (1, 2) and 
fourth (3, 4) bands. The lines near the head of the (0,1) band in the afterglow 
are apparently identical with lines in the corresponding part of tho same band 
in the arc, but at a short distance, about 9 A U., from the head there is a 

* Strutt and Fowler, ‘ Roy. Boo. Proo.,’ A, vob 86, p. 112 (1912). 

t Throughout this paper the word 11 group M is used in the mdh In which It wu employed 
by Rayleigh and Fowler, and by the writer In a recent paper (‘ Roy. Soo. Proo./ A, vol. 110, 
p. 360 (1926)) i it., to denote a set of neighbouring bands characterised by a common 
value ol h' — n', designated n. “ band-sequence ” m the recent work of many of the 
American investigator*. 
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conspicuous gap of about 3 A.U , beyond which the lines recover in intensity 
and overrun the weakened (1, 2) head The (2, 3) band, though not nearly bo 
atrong as the (0, 1), shows a similar gaji and regain of intensity, its lines over¬ 
running the weakened (3, 4) head. A similar effect occurs in the X 3883 
(n* — n f -- 0) group 

Second Effect. —While in the arc the bands of each gToup gradually dimmish 
in intensity from the loss to the more refrangible end of the group, % e , in the 
direction of increasing vibrational quantum numbers , in the afterglow the more 
refrangible end of each of the three groups X 4G06, X 4216, X 3883 shows a 
marked increase of intensity, which, according to Rayleigh and Fowler, n may 
possibly be due to a local intensification of some of the Benes of structure lines, 
or to the introduction of entirely new bands. Until still greater resolving power 
can be employed, it will be dillioult to determine the exact nature of the difference,, 
but the development of new bands offers tile simplest explanation. In favour 
of this view is the observation that the structure lines of the afterglow bands do 
not all occur in the bands of the arc, and also the fact that in some of the photo¬ 
graphs the supposed new bands are far stronger than the first heads of the 
groups Assuming that new bands are developed, their less refrangible edges 
would be about 4495 (in the 4606 group), 41D3 (in the 4216 group)* and 3860 
(in the 3883 group).” 

From a study of Rayleigh and Fowler’s published photographs of the 
X 3883 and X 4216 groups Birge has given a complete interpretation of the First 
Effect, ascribing it to the low temperature of the active nitrogen The Second 
Effect finds its interpretation in Mulhken'a recent discussions of band intensities. 
Reference to these interpretations is made later (section 4). 

In 1913, the writer, working in Prof. Fowler’s Laboratory, photographed the 
violet system as developed by acetylene in active nitrogen, under higher dis¬ 
persion than that of the Littrow spectrograph used by Rayleigh and Fowler. 
An Eaglo-mounted Rowland concave grating (10 feet radius of curvature, 
14,438 fines per inch) was employed, the first order dispersion being about 
6* 52 A /mm The present communication records the result of an examination 
of the most satisfactory of the first order spectrograms then obtained with an 
“ Imperial Flashlight 11 plate exposed for About nn hour It includes all four 
prominent groups of the system, though the X 4606 (n* *— n' = + 2) group is 
only very faintly shown on aocount of the diminished plate sensitivity in that 
region; the other three are reproduced in Plates 13 and 14. A second 

* In the ease of tbs X 4216 group the " new 11 head was recorded in the are by A. 8, King 
and by HenrUnger ; it is the head of the (S, 0) band (aw Table T), 
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order plate of the X 3833 group was obtained with the same grating, but it is not 
quite as suitable for reproduction. 

The writer's main object has been to discuss in some detail the modification 
of the X 3590 (n* - ti — — 1) group, which was not included in Rayleigh and 
Fowler’s investigation Some data obtained for the “ tad 11 bands near X 3H83 
are also included (section 6), since these present a general resemblance to bands 
of the X 3590 group in the afterglow Before proceeding to the afterglow obser¬ 
vations, however, reference is made in Beotion 2 to the analysis of the available 
arc data, and to the representation of the system by formulffi This is followed 
in Boction 3 by an application of the combination principle as a check on the 
formulas for the X 3590 group, in section 4 a brief account is given of the 
grating photographs of the X 4216 and X 3883 groups, with reference to the rota¬ 
tional and vibrational distributions of intensity, these sections being preliminary 
to the discussion of the X 3590 gToup in section 5. 

2 The Structure in the Arc. 

As developed in the arc, the band lines of the X 4210, X 3883 and X 3590 
groups were measured by Kayser and Runge * The X 3883 group was re¬ 
measured in greater detail (in R A ) by Jungbluthf and (in I A,) by Uhlcr and 
Pattcraon.J HeurlingerJ recorded more precise data (I A.) for the X4216 
group and also gave empirical formulae derived from new and correspondingly 
detailed measurements (I.A.) for the first two bauds of each of the groups 
X 4606 and X 3590 ; so far as the writer is aware, however, the latter measure¬ 
ments have not been published, and only Kayser and Runge s are available for 
the X 3590 group, and none at all for the X 4606 group, 

Eaoh band consists of two branches, H[ = m-f-1 —* m] and P[= m — 1—* m], 
the head being formed by the P branch. If each R and P line were Hinglo the 

* 1 Abb. Aksd. Wiflfl Berlin' (1889), Bee also H. Kayser, 1 Kudbuoh dor Spectroscopic,' 
VOL fi* p. 229 (IB 10) (First four orders of a grating giving a fourth order dusperaion of 
about 1*21 A. per nun.) 

f Dissertation, Bonn (1904); 1 Z. f. Wins. Photvol 2, p. 89 [ 1904); 1 Astropbys. J.,' 
voL 20, p. 297 (1904) {Grating dispersion used about 0■ 80 A. per mm.) 

X 1 Astropbys. J.,’ vol. 42, p. 434 (1915). (Grating dispersion used about 0-05 A. per 
mm.) 

| Dissertation, Land (IBIS), (Heurlinger stated that the data he tabulated for the A 4216 
group, and the unpublished data for the X 4606 and A 3590 groups were obtained by J. Oetner 
in the third, fourth and fifth orders of a grating giving a filth order dispersion of about 
0 70 A. per ram.) 
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band-lines of the whole system would be approximately represented by a single 
set of formulro of the now well-known types 



R (m) 1 

> = v — v - + F' (n\ m ± 1) - F # (n% m) 
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p (»») j 
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v m - B' ± 2B'wt + (W - B>i fi 
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n and n" are the initial ami final vibrational qiianlnm numbers fur the 
bands, and a\ b' and a*, b* the initial and final values of the vibrational 
energy coefficients a, b, B' anil B' are the initial and final values of 
fl — Bo — an =- A/firrHo — out, where J D is the moment of inertia of the vibra- 
tionless molecule (n = 0) and a m a constant Thus JV = Bo' — aV, and 
B" — n 0 ' *aV * m is the final rotational quantum number for each line 
of a band , m Kratzer’s earlier theoretical interpretationf it. retained the 
integral values 1, 2, 3, . assigned by Heurlinger, but half-integral values, 

■J, 1|, 24, . were subsequently found to be necessary J 

Actually each branch is double, the doublet separation Av slowly increasing 
with m from the band-origin (v 0 = v* + v n p v* 1 — 0), For the doublet branches 
Hj, R a , P 2 , Kratzorfj has derived four expressions, which, however, need not 
be invoked for the present purpose (where only low m values will be considered) 
owing to the fact that the earlier doublets remain unresolved even under the 
high dispersions which have been employed in obtaining the arc data |] For 
the low-m lines —say, the first twenty —of any branch of the system an expression 
for the doublet centres, ^ the mean wave-numbers \ [Rj (m) -f R B (?n)] and 

* The difference between B 0 ' and B 0 " must be due to the diflerenoe between the initial 
and final electronic configuration h R B, Mulllken (' Nature,' vol 114, p 85H (Deo 13, 
1924), 1 Phys. Rev.,' vol, 26, p 661 (1926)) has pointed out that the oommon Anal electronic 
state lor the "red” and “violet” systems 1 b probably the‘normal state of the CN 
molecule, and further that it resembles an a state, the initial (excited) state for the 
11 violet" system also resembles on a state, and that lor the 11 red " system an inverted 
doublet-p state. 

f ‘ Phys Zeitschr.,' vol. 22. p 662 (1921) 

% ‘ Ann, d. Physik,' vol 67, p 127 (1922) (see especially footnote, p, 150), ' Sitab. Bayer. 
Akad Mtlnohen, 1 p. 107 (1022), and ntott reference 
l ‘ Ann d. Physik, 1 vol 71, p 72 (1929) (see especially pp, 83-69). 

|| For example, in Uhler and Patterson's measures of the R branch of the (0, 0) band 
X 3889, the first resolved member is W,o) R (»1|)—^their A, (60), XX 3804077, .663, 
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1 [Pi (w) + Pia(™)]»t mft y used instead of Kratzer’s full formula} for tho 
components, these centres arc given by the expression (3) for singlet hi anches 
R (m) and P (m). 

The missing lines in LIlo four branches arc - - 

Bi(-i), Am = J--f Pi (5), Am= - i-i, 

and since the missing R 2 (^) is practically coincident with tho observed 
[Am= 1J — > -J:], and the missing P 2 (lj) with the observed 
[A m = \ — it appears that each band has only a single null-line very 

near the band-oygm, v* -|- v* 5 in the position of the mtHHing Rj (— J) «ind Pjd), 
namely, at 

v = v'+v'* + i(H'-ir) (4) 

For the constants in the above expressions (1 — 1) Kratzei lias given the 
following values (cm '" A ), m taking half-integral values, J, 1^, 21, . — 

a = 2143-88 a” 2055 G4 

b' -- 20 * 25 b" = 13 75 

2B' = 2 (Bn' - aV) 2B* --= 2(B 0 - «V) 

— 3 918 - 0-0443n -- 3 783 - 0 034bfi* 

Constant term for the (0, 0) baud — v* -[- B q ' 25799 77,J 
whence system-origin — v fl — 25797-81 

and null-line of (0, 0) band -- v“ -\ J (IV - By') — 25797*83 

Tho band-onginH arc therefore given by (tf 2) — 

v fl -f v" =-■ 25797-81 + (2143 88n' in 25n /a ) - (2055 G4n* - 13 75n" a ), (5) 
the calculated values are shown in Table I, as also aro tho values of IV, B* 
and B'/(B' - B w ) for each band. 

f m u hero used lor Kralzor'a half-integral m 4 , and, fur convenience in tho application of 
the combination principle in the next flection, the use of Kratzer’s whole-number m (for 
whioh j is now commonly substituted) has boon avoided This avoldanco necessitates a 
ro-daignation of the linos, instead of rot&inliig Kratzor’s numbering of a line by the 
whole-number j (old m), the half-integral m (old m*) is employed here, thus, tho here 
designated R, (m), R f (m), i\ (m), P, (m) are respectively R, (j), B,0—l),P,(j), P|(j—1) 
In the whole-number designation, in accordance with Kratzer's original ft x (wi), R, (m —1), 

P, (m),P|(m-l). 

X Kratzer writes " 25709 77," but this v u does not appear to be the system-origin 

r\ (*• » r* ■■ 0), bnt the + JV given above is a probable interpretation R Moohe 
(' Phys. Zeltsoher voL 26, p. 231 (1025)) renders Kratzer’e », u the null-line of the (0, 0) 
band, in stating that the null-lines of thu system are given by i 

v = 26709*77 + (2143-88*' - 20-25n'») - (2055*84*' - 13-75*"*). 
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Table 1 —Constanta m Kratzor'a Formula), and Band-heads. 


n' 

n' 0 

1 

2 

3 

4 

5 

6 

7 

2D' 

2B' 3 783 

3 7404 

3 7130 

3 6702 

3 6446 

3 6100 

3 5754 

3 5408 


25707 01 

23755 02 

21741 63 


Baod-oriciiip v'+v* 


0) 

0 

29 0 

23 1 

19 2 


mheui 

n/iB'-in 

O') 


20742 03 

21712 04 

21705 0 


t'hend (vm 1 ) r»lc 


(Ul) 

3 018 

25743 an 

23712 28 

21704 0 


VbAart (VlU' ) obd 


(lv) 


mm 402 

4210 043 

4000 15 


Ahead (I.A , urj film 


(?) 


27020 44 

2GB7R 56 

23054 15 

21H7D 27 




(1) 

1 

42 1 

30 9 

24 2 

19 9 




(n) 


27N30 Ml 

25020 112 

23810 18 

21840 6 




(id) 

3 8737 

27044 01 

25822 88 

23818 03 

21837 0 




0*1 


3500 415 

3871 441 

4197 183 

467B 01 




(v) 



27002 08 

25048 20 

23001 20 

22002 01 



(0 

2 


47 3 

33 1 

26 5 

20 7 



00 



27074 08 

2G0H6 7U 

23014 SO 

21064 2 



(111) 

3 H2(H 


27878 00 

25880 00 

23011 00 

21050 8 



(IV) 



3685 911 

3801 864 

4180 984 

4A63 13 



(V) 



0) 

27O0O 02 

20004 03 

24044 64 

22112 75 



3 


(>i) 

£1 2 

35 7 

26 9 

21 6 





(lit) 

27892 35 

25038 28 

23905 55 

22073-7 



3 7851 


(iv) 

27BB4 30 

25034 74 

23080 00 

220GD 7 





O') 

3683 985 

3864 744 

4167 770 

4681 89 





(i) 


28006 11 

26046 72 

24114 83 

22210 44 


4 


(ID 


60 7 

33 9 

28 6 

22 6 




<iu) , 


27804 4 

25075 0 

24063 1 

22170 0 


J 7408 


(IV) 




24042 04 

22143 3 

I 



(V) 1 




4168 067 

U14 78 




(l) Band nnujn v’+v'* 


28008 40 

20076 51 

2417212 

22205 23 

0 


-B0 

71 1 

42 8 

30 5 

23 41 



(Id) i^wad (vw ) c&lo 




! 24117 0 

22253-2 

3 fUHW 


(o) Khi*d(vac.) qIm 




| 24075 57 

22200 2 



(vj Ab«ftd(I A , hit) ohs 




4162 488 

4609‘IB 


t 

(i) 



_ 

27907 64 

20093 25 

24216 36 

6 


(U) 




86‘6 \ 

41 6 

32 8 

3 0022 











0) 




! 27973 88 

20006 99 

7 


00 





110 7 

53 8 

J 0070 


, 








U>urbnger had already denved a set of formulc of the type ( rf . 3) 

f = A ± 2Bj + Qq 1 (fl) 

P0)i 

to represent his analysis of the data for the earlier hands of each of the four 
groups. Heurlinger’a values of the constants A, B and C are given in Table II, 
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n* 

n" 

0 

1 

2 

3 


null lino A 

211707 83 

237 M U 

21730 54 



2B 

3 B4 

3 83 

385 


0 

0 

0 008 

0 080 

0 101 



Jhwi — 

28 2 

22 6 

39 1 



/ rule 

25743 02 

23712 31 

21702 Hfl 



\obB 

25743 30 

23712 28 

21704 0 



null line A 

27021 3 

25B70 0 

23803 0 

21873 4 


an 

3 HH 

3 81 

3 80 

3 82 

1 

c 

0 045 

0 004 

0 082 

0 007 


ih-m ~ B/C 

43 1 

20 8 

232 

19 7 


/ calc 

27H37 00 

25822 30 

23818 08 

21830 80 


■'*"■4 \nba 

27844 01 

25822 88 

23818 BJ 

21837<5 


null lino A 


27002 7 

20IH5 5 

23900 0 


2D 


3 80 

3 88 

3 78 

2 

c 


0 (Ml 

0 050 

0 070 


~B/C 


46 4 

34 6 

24' 9 


r oaio 


27874 00 

25878 30 

23900 50 


Fh «4 \oba 


2787H 00 

25880 00 

23911 00 


j taking integral values 1,2,11, . for the observed lines (or centres of observed 
doublets) and 0 for the null-lines 

In the present investigation both Heurlinger's and Kxatzer’s formula] have 
boon used in calculations of the heads and of low-m lines of the bands The 
head of a band is located by the line or lines for which m (or j) most closely 
approximates to the particular value making dv/rfm (or dvjdj) zero ; thus in 
Kratzer’s formula (3) m ^ is the half-integer nearest to B'/(B' — B') and in 
Heurbnger’s formula (6) d is the integer nearest to B/C These values, 
which will be required later (section 5), arc shown in Tables I and II respectively, 
together with the observed* and calculated wave-numbers for the band-beads, 
Again, it has been necessary to calculate the low-m lines of bands of the X3590 
group, for which iu> recent data axe available, and Kayser and Bunge’s data 
have not been ordered (with values of n% n and m) Heurlinger’s formula may 
be expected to give satisfactory values since they were empirically derived from 

* The observed wave-numbers given in Table* I and II for the band-heads differ from 
those tabulated in two papers by Kratzer, namely * Phyn, Zeitiohr vol. 22, p. 002 (1011) 
(Table EH), and a Ann, der Phys vol. 07, p, 127 (1022) (Table 5). The observed wave¬ 
numbers quoted by Kratzer are obtained from wave-lengths in air measured on the Rowland 
scale, not, a* here, in tweiw on the International scale Tho wavo-loigths (I,A.) In Table I 
are llhler and Patterson's for the heads of the X 3690 and X 3893 groups, Heurlinger's for 
those of the X 4210 group, and Kayser and Range's (converted from R-&.) for those of the 
X 4000 group. 
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new (unpublished) data for these bands. The application of Kratzcr’s thooretica 
formula to these bands, however, being in the nature of an extrapolation, cannot 
bo expected to give very close representations The combination principle has 
been applied as a dice k on the formulffl for the X 3590 group 

3 Th£ Combination Principle 

The combination principle, unlike the above formulas, ia independent of any 
assumption as to the forma of the expressions for the vibrational and rotational 
energies The It and I J wave-numbers of the (x, y) band arc obtained by 
combining those of three observed bands (w, y) } (m>, z) and (x, z) as follows 1 — 
Making successive substitutions for n', n in (1), we have 



'* "'It (m) --- 

v ( -l V' (x, m-h 1) F'(i/,i n) 

(7a) 


"■‘'R (m) - 

v" + F' (x, m + 1) - F' (z, m) 

(7*) 


“"■»>R (m) ^ 

v* + F' (w, m + 1) F" (y s m) 

(7 a ) 


'* "11 (»i) _ 

v" d- F' («>, m -hi) — F' (z, w) 

(7«) 

By subtraction 





(7,) - (7j) 

(in) 

u,, i{ (m)' 


(H.) 

(7 3 ) - (7.) 
Similarly 

( "'E (w) 
“■*•1’ (m) 

*'U (in) 
"■*'P (wl) 

► - V" (:, m) - K' (i/, in) 

(«a) 

(H a ) 

and 

(m) 

- “"•'IJ' (m) _ 


(».) 

Hence, taking pairs of these 

expressions, 

WO llttVO 


(8,), (BJ 

u ,, li (lit) - 


|" r -'"R(*H) -“‘R (m) 

(0„) 

(8,), (8.) 

r r, R(fw) 

|- '• "P (in) - “ r "P (m) 

P»a) 

(»i). <«.) 

(8,). (Ha) 

11 "I’ (in) = 

r u -*'P (in) 1- '“"'E («.) - '“’•"R (in) 
i ,At| P (in) ( "’P (m) - "'•"l* (m) 

Pri) 

(^Pa) 


Thun wo may 

by making oilhor of two different i oiu burnt iuiu 

giving Iku following 

compute linos 

of the available data for hues of the Lkroc baud* - 


values to— 


of the hand. 








(». y)— 

(*■ *) 

K y) 

(“. 2 ) 

w 

X 

y | 

2. 

(0,2), *4600 

(0, 1), *4216 

(1, 2), *4197 

(1,1), *3B71 

1 

0 

2 

1 

(1,3), *457B 

(1.2), *4107 

(2, 3), *4181 

(2, 2), *3862 

2 

1 

3 

2 

(1,0), *anoo 

(1, 1), *8871 

(0 0), *3883 

( 0 , 1), *4216 

0 

1 

0 

1 

(2, 1). *3586 

(2,2), *3852 

(1, 1), *3871 

(1,2), *4107 

1 

2 

1 

2 

(3,2), *3584 

(3, 5), *3850 

(2, 2), *3802 

(2, 3), *41B1 

2 

3 

2 

3 

(2i 0), T 

(2, IU *3580 

(0,0), *3883 

(0, 1), *4210 

0 

2 

0 

1 
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Uhlor and Patterson's and Heurlmger’s data for the iow-m lineH (up to tn = 
19J) f° r the earlier bands of the X 3883 and X 4216 groups are collected in Table 
111,* and the above application of the combination principle to these dataf iu 
shown in Table IV, where the wave-numbers given by the principle are lompared 
with those given by Heurlinger’s and Kratzer's formul® for the firBt two bands 
of the X3590 group , the table could, of course, be extended to include com¬ 
binations for each branch of the first two bands of the X 460G group Wherever 
there js a marked discrepancy between the two formula), it is found that Hcur- 
Imgcr's more closely accords with the combination principle over the range 
tabulated. Using ordered observational data only, it is not possible at present 
to extend the combinations (within this range of the low m values) far beyond 
the branches tabulated, on account of the absence of data for the low-m lines 
of the P branches of the (2, 2),J (3, 3) and (2, 3) bands, the detection of these 
lines being prevented, evidently, by the superposition of the stronger higher-m 
lines of the same branches By combining wave-numbers calculated by 
formula (4) and (0) as well as observed wave-numbers, further branches, c g. t 
(2, 1) P (w), could be approximately computed 
Hcurlingcr’s formula, supplemented by the combination principle, has led 
to the identification of some of the lines measured by Kayser and Runge ; the 
order of agreement of observed and computed wave-numbers may be seen from 
Table IV The list of wave-numbers in vturuo from Kayser and Runge*s 
measured wave-length^ is given later in Table VI, 


* Jn Table Ill, lliti value* of do noL inolude those tabulated by Uhier and Patterson 
for the (0, 0) band All values for the X 3883 group have been computed by those observer*’ 
Xair (I,A ) using the vacuum corrections of W. F, Meggers and C. 0. Peters (‘ Bull Bur 
Mtand 14, p 607 (1017)), Hear linger 1 s values of r D t» have been used without modification, 
as the use of the newer vacuum corrections did not appear to produo© marked differences 
t Though the data obtained by different observers may not generally be oombined with 
safety, it ia probable that the aggregate emir of combining Uhier and Patterson’s and 
HenrUnger’s data will never be serious, for the present purpose at any rate The former 
observers estimated that their wave-lengths ore correct in absolute value to ±0 006 A 
and in relative value to ± 0 >002 A , while HonHlnger’s estimated errors an from ± 0 002 A. 
to ±0 004 A, 

X This limitation will, presumably, soon be removed as R. T. Bugs has recently announced 
that he has obtained now data for the X 3883 group. (’ Nature/ vol 116, p. 783 (November 
28, 1025)0 

| Converted from the Rowland to the International scale by the subtraction of 0> 10 A 
throughout 



Table III.—Lov-m lines and heads of bands of X 3883 and X 4216 groups. 
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Table IV.—Low-m lines and heads of hands of X S590 group 
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A further tost of both data and formul® by the combination principle may 
be made by considering ogam the foregoing expressions for Y* ( z , m) — F' (y, m) , 
from ( 8 a ) = ( 8 a ) and from ( 0 a ) = ( 84 ) respectively, we have 
te -"RW - = U *">R(m) - |r ’ B, PM 

(m) - "*•*>? (m) = (w,,) R(m) - <w,i, P(m) 

That is to say, the H and P branches of all bands having the sanio initial vibra¬ 
tional quantum number aro equally divergent. This condition is dearly satis¬ 
fied by Kratzer’s theoretical formula (4), according to which the divergence is 
R (m) - "'»?(»») = 4B m - 4 (B 0 ' - an) m (If) 

On the other hand, it is not satisfied by Heurlinger’s empirical formulas (b) 
in terms of which the divergence is 

- -'»R (j + 1 ) - (r * w " J P0) = (214 b C) (2j + 1), (12) 

for the values of (2B + C), as may be seen from Table II, do not remain constant 
for any one value of In Table V tins condition is illustrated by the data of 
Tables III and IV 



Table V —Observed values of U (m) — P (tn) 
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«' ^ 0. 

b'=»1 

rt ' -. 2 

(0,0) 

A 388.7 

UP 

<<U) 

A 4216 

H 

(1.0) 

A 3600 

K R 

(1, D 
a 3871 

UP 

(1.2) 

A 4197 

H 

(2. D 

A 3580 
KR. 



(3 00) 

(3 80) 

a o) 

(8 76) 

<d 88) 

(3 N) 
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11 3 

11 00 

12 01 

(11 5) 

2, 


10 HI 

10 flfi 

d» 0) 
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10 66 

ID 4 

3 


27-33 

27 ■ 41 

(27 l) 
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27*14 

20*8 
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36 23 

36 25 

36 1 

,14 81 

34 00 

34 8 

ft 
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(43 T) 

42 60 

42 60 
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HH S3 
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06 84 

66 82 

06-2 

H 


74 40 

74 36 


73 68 

73 48 

72 7 If 
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(136 07) 

136*6 

136*36 

136 27 

134*6 T 

181 


141 70 

(144 71) 

148 1 

142 07 

143 00 

141-0 

ID] 


153 46 

(162*55) 

150 B 

160*02 

150 74 



Noras to Table V, 


U.F , H. and K.R. u Id Tables III and IV. 

Flgiuaa Id bmaheta rnvulve an estimated wave-namber from Table 111 Or IV lor one or both of 
the Line* 00 m btized. 
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4 Intensity Distribution in the X 3883 and X 421 fl Groups i« the Afterglow. 

Rotational Distribution - Birge* pointed out that the difference in appearance 
of a given band of the X 3883 and X 4216 groups in the Arc and in active nitrogen 
is duo to a difference of intensity distribution with respect to j (or m) in each 
branch. Whereas in the 4-ampere arc the intensity maximum in each branch 
of the (0, 1) and (0, 0) bands occurs at j = 28} (\ e , near the head in the case of 
the P branch), Birge estimated the maximum to be at or near j — 8 or 9 m the 
afterglow. Thus while the arc develops strongly lines having relatively high 
m values (far exceeding the afterglow only feebly develops theHe Iiiiph 

and so permits of easy observation of the relatively strong lineB of low m values 
(less than m haad ) The gap noted by llayleigh and Fowler (First Effect in 
section 1) marks, in fact, the position of the null-line P (J), R (—]) and the weak 
neighbouring lines P (J |), K (J), it becomes inconspicuous m the arc on account 
of the overlying P lines of lugh m Further, by an extension of Kemble’s 
relation connecting the absolute temperature of the source with the value of 
m for the line of maximum intensity in a given branch, Birge showed that the 
above estimates of this value, , in the two sources accorded satisfactorily 
with the temperatures of the 4-arapere uro and of the afterglow, which latter 
has been estimated at 100° C or less As a result of Birge’s investigation, then, 
the CN spectrum in the afterglow is shown to be a low-temperature ON spectrum, 
itfl essential feature being that low values of m are more favoured than m the 
high-temperature (arc) spectrum. In the analogous afterglow spectrum of 
SiN the same modification (First Effect) was observed by the writer} and, much 
more completely, by Mulliken,§ whose reproductions of the spectrum show very 
dearly the null-hue gap in many of the bands ; in fact, Muliiken obtained some 
of Iuh null-line data directly from micrometer settings on the gaps. Further, 
from a rough estimate of in the case of SiN, Muliiken deduced a tempera¬ 
ture for the afterglow agreeing both with the actual temperature and with 
Birge’s estimate in the case of CN. 

Vibrational Distribution .—The intensification of the more refrangible end of 
each of the groups X 4216 and X 3883 (referred to in section 1 as Rayleigh and 
Fowler's Second Effect) finds an interpretation in Mulhken’s discussions!! of the 

* 1 Astrophyi J vol. (MS, p. 273 (1022); a m especially p. 286. 

t On HeurUnger’a numeration. Heurllnger’e K (28) and F (28) are called R (274) and 
P (2S|) reepeotlvdy In the numeration employed In this paper 

} 1 Roy. 0oo. Proc A, vol 89, p. 187 (1013) (see p 189 and Plate 9). 

| 1 Phya. Rev,, 1 vol 26, p 310 (1925) (see pp. 320 and 326, and Plate 1). 

|| 1 Phya. Rev., 1 vol. 26, p 292 (1026) (BO), vol. 26, p. 21 (Cnl); vol 26, p. 333 (SiN). 
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intensities of bands with respect to n'. Mulliken has pointed out that, while 
for thermal equilibrium there should be a steady decrease of intensity with 
increasing n', the intensity distribution in band spectra developed in active 
nitrogen differs from this in cases where a chemical reaction ib involved, e g tf 
CN, BO p SiN. In these spectra the intensities of the bandB in a given group or, 
better, the sums of the intensities for all bands with a given n t first increase with 
n' and then fall off as n further increases On the other hand, m the spectrum 
of Cul in the afterglow the su mm ed intensities fall off as n increases from 0 

The present grating observations of the X 421G and X 3883 groups in the after¬ 
glow confirm both the above features of the distribution, i e , the absence of 
lines with high m values and the occurrence of bands with high lvalues Though 
the large mass of observational data upon which the conclusions arc based 
cannot bo given at this stage, some particulars as to the development of the 
bands may now be stated 

The X4216 Group (An— +1) --Measurement shows definitely that the 
afterglow lines are identical with Hcuxbnger's lines of relatively low m values, 
especially in the earlier bands, (0, 1), (1, 2) and (2, 3) At the other end of 
the group, where the lines in both sources are more numerous, comparison 
becomes more difficult, but many bnes have been measured on the high wave- 
number side of the (2, 3) head, which do not appear m Heuilingers arc list. It 
would appear, therefore, that there are in the afterglow bands which have 
still not been traced in the arc Further measurements from spectrograms of 
still higher dispersion are much to be desired for the identification of lines of the 
bands of higher «' values 

The group as shown in Plate 14, stnp 3, is much shorter* in the afterglow than 
in the axe , thus the lowest wavo-length measured in the afterglow Is X 4117 >96, 
while Heurhnger’s arc wave-lengths extend to X 3961 * 793 ; the difference could, 
of course, bo somewhat reduced by an increase of the afterglow exposure. The 
shortening is a direct consequence of the non-development in the afterglow of 
Lines with high m values, which are relatively strong in the arc. Thus the R 
branch of Idle (0,1) band which has been traced only as far as X 4190 ■ 10, R (18J), 
in the afterglow plate, was measured byHeurbnger in the arc to XX 4018-489, 
-199, R (961) 

* In the case of the BO spectrum In the afterglow a corresponding shortening was observed 
by tbs writer (‘ Bey. Hoc. Proo.,’ A, vol 91, p ,132 (1910)). The advantage (arising from 
the shortening) of active nitrogen over the arc as a means of producing band-spectra has 
been emphasised by Mulllheo in two of his papers on Isotopes (Joe. cti .; BO, p. 260; 
Cul, p. 18, footnote IB). 
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From the grating observations, of which a brief description follow**, it appears 
that the approximate order of intensity of the bunds from strongest to weakest 
ib (4, 5), (5,6), (2, 3), (0 ,1), (3, d), (1,2) 

The (0, 1) band has been idenUfiod in the grating photograph from P (2}) tn P(lti}), 
and thence without resolution to tho head X 4216 04, and from R (2}) to R (18}) * The 
intensity maxima appear to 1m at about P (0} or 10}) and R (6} to 10}) 

The (1, 2) band is the weakest of this group in the afterglow Though lb ib favourably 
situated for observation From its head X 4107 16 to R (17}), no line of either branch hoe been 
detected in the grating plate, only the unresolved head being recorded, 

The (2, 3) band u developed rather more strongly than the (0, ]) band in the afterglow, 
and the absenoe of lines of the (0, 1) and (1, 2) bands in this region favours it* observation 
from its own head X418G 08, to that of the (3, 4) band, X 4107'17 Thu P lines having 
low m values are not given in Hpurlinger’a arc liat, but have been identified in the afterglow 
from P (2}) to P (16}) and thenoe without resolution tn the head, the intensity maximum 
being at about P (9}). The identification of the R lines in the afterglow is leas oertain on 
acoount of the occurrence of blonds, but they have been traced from R (3}) to at least 
R (10}). A few additional lines apparently not belonging to the (2, 3) band have been 
measured In this region , some of these are definitely absent from Heurlmger’s are list, and 
others ora near the positions of some of tho (*> ’) P bnes having high m values, f but appear to 
bo too strong to bo identified with tlio latter, those lines are conspicuous In the null-line 
region between P (2}) and R (3 }), 

The (3, 4) band is very weak , being very little, if any, better developed than the (1, 2) band. 
By actual measurement only Its unresolved head X 4167 77 has been satisfactorily traoed, 
identUlaation of Its weak lines being hampered by the occurrence of Unas which do not appear 
to belong to this or to the overlying (2, 3) band 

The (4, 5) and (5, 6) bands are, as judged by the high intensities of their heads X 4160 00 
and X 4102 42, the most strongly developed bonds of the group. 

The X 3883 Group (An — 0) —The X 3883 group, though the most heavily 
recorded of all in the afterglow spectrogram, shows a shortening which in even 
more marked than that of tho X 4216 group , while Uhler and Patterson’s arc 
meosurements extend to X 3590 676, t.t , to the first head of the next (Aw= — l) 
arc group, the grating measures in the afterglow extend only to X 3816-2, 
beyond which no lines can be detected until X 3627 4 m reached , there begins 
the next (A«^ —1) afterglow group. Generally, a description Bomowhat 
similar to that of the previous group applies to the observations of the X 3883 
group 

The (0,0) band. The R lines detected range from R ( }) to at least R (30}h and prpbahly to 
R (36}) or even still farther, say, H (42}). The occurrence of blonds account* for the 


• In Heuriinger’s original notation the four linos named are respectively A, (*-2) to 
Aj (—10) and thenoe to K,, and A x (+ 3) to (A t + 19). The transitions am corresponding 
to these linos named are 1} • ► 2}, 15} -*• 16}, 3} 2}, 10} -*■ 18} respectively. HeurUuger's 

A, doublets an absent. 

t tieurUngtf 1 M C, lines : m > tnhrod 
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uncertainty u to the presence or absamoc of these list tinea; the outlast line which Is definitely 
absent Is R (46f) In Uhler and Patterson's arc this branch Is very long, extending as 
far as X 3640 296, R (139f) * This further demonstrates that bhe shortening of the group 
must be duo to the absence of high-m lines, and not to IHb absence of high n bands The 
P branoh lines have been identified from P (1f) to P (IB 4), t and thence without resolution 
to the very strong head X 3863'40, the mast intense line being probably P (10 J), No 
satisfactory evidence of the development of resolve*! P lines having m values exceeding 
mhud is afforded by the first order plate, hut the second order photograph, though weaker 
and more coarsely grained, suggests the presence of such lines Contrary to what might 
appear from n»jnud inspection of the region between the heads of the (0, 0) and (1, 1) bands 
in the reproduction (Plate 13, strip 2) the lines shown m the two boutoos are not Identical, 
the prominent arc lines of the P branch have m > mhoui while the afterglow lines shown 
have m c m| 1(W j The apparent contradiction arises from the fact that the resolution Is 
too small to distinguish clearly between the two parte of the P branch, * e , between the 
lines with m > mh«d and those with m <_ £ in the null-line gap between P (If) 

and R (f) a line was measured (first order) which approximately coincides with P (67f) g 
This is so near the position of bhe null-lino that on oasual inspection of the photograph it 
might appear that the null-line Is actually developed, which of course is not the case. The 
line may be P (57 f), as it is more favourably placod for measurement than the P lines immedi¬ 
ately pr eceding it; or, alternatively, it may belong to another band, eg., a possible extension 
of the 11 tall" band next beyond X 3883 

The( 1,1) band , Like the second (1,2) band of the X 4210 group, is, as Rayleigh and Fowler 
pointed out, relatively weakened in the afterglow Its P lines have, however, been satis- 
faotonly Identified from P (1 f) to at least P (Ilf ),|| and less completely (owing to the frequent 
occurrence of blonds) from that point bo the head, X 3H71 44, which is strongly developed 
though it ih not easily seen m Plate 13, strip 2, because It has about the same Intensity as 
the neighbouring lines of the preceding band, namely (°< (4|) and (<>• °)R (6f). In the 

case of the R branch of the (1, 1) band blends are so numerous that only isolated early 
members have been identified 

The (2, 2) band —In the range of low m values Uliler and Patterson identified only bhe 


v Uhler soul Patterson's designations of these six R lines, in the order named, are A (29), 
At (69), A a (66), A, (71), A, (76) and A, (168). 

f Uhler and Patterson’s designations of these two P lines are A, (27) and A t (10) 
respectively. 

J The <o,U)P( TO ) lines with ?n<*nhaad we Uhler and Patterson's A] lines as also are 
(0. Q)R (m) lines, and those with v\ ;> mh M( j are their A a fines (doublets). Uhler and 
Patterson's are List olearly shows the necessity of high resolution for the separation of neigh¬ 
bouring Aj and A, lines. 

| Uhler and Patterson’s A t 3876*376, '310 

|| These ere Uhler and Patterson's B, \ 3863 ■ 693 and Bt X 3868 124 respectively. 
Though no U* DP (m) lines with m > mt,uu (i.e , Uhler and Patterson's B b doublets) have 
bwn definitely detected m the afterglow, it should be mentioned that there are In the region 
between the (1, 1) and (2, 2) heads two afterglow Lines which cannot be identified as either 
A a or B t lines, namely X 3860*06 and X 3863 • U The Utter U very near the position of the 
(1, l) null-fine, and both are near the positions of B, Lines. It would appear, however, 
that they are too strong to be Identified with B a lines and that they may belong to abirety 
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H brooch of this bond from R (10}) onwards* , in the abacnun of ordered drvUv for the P 
branch either from the am observations or from the combination principle, tho cinnunation 
of this region In the afterglow id difficult It appears, however, that members of eaoh 
branch are present in fair intensity, the head X 3ftfll 85 being, in fact, well developed 
The (3,3) hand, for winch Uhler and PatUireon identified the R lines from H (11 £) onwards,f 
la a loo present in the afterglow, but to a ltsa extent than the (2, 2) band , its head, X 3854 74, 
not being detected in the grating plate 

The (4, 4) band —Tho now head observed by Rayleigh and Fowlor at X 3850 is, no doubt, 
that of the (4, 4) band, which would, in foot, bo expected to be strongly developed in view 
of tho high intensity of the (4, 3) baud of the former group. Tho present photograph docs 
not definitely show this head, the position ill question being occupied by an unroaolvnid 
background. The region occupied by the (2, 2) and suceceding bands needs further work, 
preferably with new plates of still higher dispersion 

The order of intensity of the bands is less easily judged m this than in the 
former group, but would appear to be roughly (2, 2), (0, 0), (3, 3), (1, 1) Thus 
taking only values of n, it appears from observations of both groups that the 
band intensities decrease in the approximate order 4, 5, 2, 0, 3, 1 in the after¬ 
glow, while in the are the probable order is 0,1, 2, 3, 4, 5 , that is to Hay, features 
of the distribution with respect to n 'm the afterglow are, («) association of high 
values of n' with high band intensities, (6) marked weakness of bands with 
n' = 1, and (c) a tendency for the intensities to alternate, as well as to show a 
general increase, as n increases. 

5 The Afterglow Group near X 3590 (An — — 1) 

It is apparent from tho arc and afterglow photographs reproduced in 
Plates 13,14, that the change is more marked in the X 3590 group than in cither 
of the other groupsX 4216 and X 3883, in which Rayleigh and Fowler discovered 
the two effects already discussed, indeed, it would hardiyappear that the drastic 
modification of the X 3590 group is merely a further example of the same two 
effects. In the hrst place, the heads XX 3590 4, 3585 9 and 3583-9 of the 
(1, 0), (2, 1) and (3, 2) bauds respectively, which are prominent in the arc, are 
not observed at all in tho afterglow Secondly, while the arc group as measured 
by Kayser and Runge extends from X 3590 ■ 33 to X 3482 - 26, tho afterglow group 
as now measured extends from X 3627 42 to X 3557 05 ; that is to say, this 
group, like the X4216 and X 3883 groups, is shorter in the more refrangible 
direction in the afterglow than in the arc, hut unlike those groups it extends 
beyond tho less refrangible limit of the arc bands On casual inspection of the 
photographs it would appear that the arc bands (1, 0), (2, 1) and (3, 2), are 

* The writer hu identified (*. «>R (H}) to 1 *. -)R (14}) in Uhler and Patterson's list, and 
■ included them in Tahle III O. *>R (IttJ) is their 0 X X 3840 • 094 
t (»' 3)R (HI) is Uhler and Patterson's D, X 3830 880, 
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replaced in the afterglow by an entirely different group of bands, It will now 
be shown, however, that both of the above features, namely, the absence of 
heads and the continuation on the less refrangible aide of X 3590, are to some 
extent explicable if the afterglow group consists of bands having n* — n' =—1 
as in the arc group, but with intensity modifications similar to those described 
in section 4 

The Absence of Heads —Assuming that the An ——1 bands m the afterglow 
reach a maximum intensity in each branch at about m -- 9} ± 2, as in the case 
of X 4210 and X 3883, it can easily bo shown that no band of this group is likely 
to form a head The values of mi^ — B'/(B' — B'), shown in Table I, 
increase considerably from the less to the more refrangible end of each group of 
bands , thus, for the X 3883 (An — 0) group they are 29 0, 30 9, 33 1, 35 7 
They increase more rapidly from group to group in passing from the less to 
the more refrangible end of the sysletn ; being 19 * 2 ... for the X 4606 (Am — 2) 
group, 23-1 for the X 4216 (An = l) gToup, 29-0 . for th£ X 3883 
(Art — 0) group and 42 1 for the X 3590 (An = — 1) group A similar 
variation is shown in Table II for ^ B/C. A band will form a head 
provided, of course, that one of its branches (the P branch in these CN 
bands) extends to or beyond m head before the lines fade off to an undetectabiy 
low intensity Thus in the X 3883 (0, 0) band, the head of which is well- 
developed, the R lines have been definitely traced to at least R (30$), and the P 
linos must also have appreciable intensities for m values exceeding 28}, which is 
the value of , even though the intensity maximum occurs so early in 
the branch as P (9} ± 2). Similarly the P lines of the X 4216 group arc 
developed to or beyond m hnd =* 23} , , although this group is Iobs strongly 
recorded than the X 3883 group The hnea of the X 3590 group are also loss 
heavily recorded than the- X 3883 group, and will probably not be detectable in 
any branch beyond, say, m — 30} to 40}, if it be again assumed that the intensity 
maximum occurs at about = 9} This points to a non-development 

of the head, since the values for oil bands of this group exceed 40}, 
From Tables I and II it would appear that this argument, while satisfactory m 
the cases of the higher bands of the group, may not indicate an entirely headless 
structure for the first band (1, 0) But analogy with the other groups would 
lead us to expect that this band, having n' = 1, will be the weakest of the whole 
group and will not be detected far away from ni mm _ = 9}, if at all. 

The non-development of high-ro lines in the afterglow will also account for 
the observed shortening of this group, os of the former groups, at the more 
refrangible end. 
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It may be remarked in passing that, according to the above argument, the 
An — -\- 2 bands in the X 460G aflcrglowgroup Hhould have well-developed heads, 
since m b(ad is not very much greater than »i mM This conclusion has, in 
fact, been verified by observation of the grating spectrogram Though in¬ 
dividual band-lines of this group are only feebly recorded, the heads of the 
higher-n' bands (3, 5), (4, G), (5, 7) and (G, 8) were actually measured Those 
of the low-n' bands (0, 2) and (1, 3) were not detected, and that of (2, 4) wan 
measured with difficulty Tins is in general accordance with the observations 
of the An — -f" 1 and 0 groups m the foregoing section 

The Extension to Wave-Lengths higher than X 3590 — On the further assumption 
that, as in X4606, X 421G and X 3883 groups, the bands with higher n' values 
are favoured by the afterglow conditions, it is possible to offer an explanation 
of the continuation beyond X 3590 In any one group, as i ,/ increases the inter¬ 
vals between successive bands decrease m arithmetical progression,* i e , the 
bands close up in passing from higher to lower wave-lengths, and if enough 
bauds arc developed the group will turn back towards the higher wave-length 
end, According to Kratzer’s theoretical analysis of the system, the range of 
n' within which this return of hjgh-n' bands hakes place is smallesL for the 
An -= — 1 group and increases progressively from group to group m the direction 
An = — 1, 0, 1, 2 This is seen in Table I, which gives a range of values of 
the band-origins, v f + calculated from Kratzer’s formula (5) It would thus 
appear that the band-lines measured between X 3590 (or less) and X 3G27 may 
belong to the high-ri' bands which have overrun the (1, 0) band, or indeed that 
the whole observed afterglow group from X 3557 to X 3627 consists of low-wt 
hues of these returning high-n' bands Mullikenf has expressed the belief that 
the rt tail n bands may be similarly interpreted 
Alternatively, this high wavo-length end of the X 3590 afterglow group may 
represent an intensification of the structure of the Am — 0 group bdow X 3627 , 
this, however, seems very improbable, as no lines of that group have been 
detected between XX 3816 and 3627. Or again, the afterglow bands may be 
entirely different ones from those constituting the X 3590 arc group 
Data for the Lines. -With the object of finding to what extent tho arc fines 
are present in the X 3590 afterglow group, the grating photograph of the 
latter has been measured os completely as possible against iron arc. wave- 


* Cf Deslandrcti' 8eouml Law for head*), 

t The writer is indebted to Dr Mulllken for s privately communicated description of 
this interpretation. 

2 f 2 
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lengths * Tho wuve-mmiberN .ire given in Table VJ,f together with Lhow* 
pertaining to the ranges of the X 3883 ami X 0590 are groups which occupy 
this region Many of Kayscr and Runge'a lines have been allocated, as shown 
in the table, to the R and P branches of the (1, 0) and (2, 1) bands, the means 
of their identification being the formula) and the combination principle as 
described in sections 2 and 3. Though the arc and afterglow data arc not 
strictly comparable in view of the great difference in the dispersions used in 
the two cases, certain general results are immediately evident from the table - - 

1 A great number of lines are common to the two sources, but the distribu¬ 
tions of intensities are radically different 

2 Certain lines arc developed in the afterglow winch do not appear in the 
arc Thus, to take a few examples, allowing a very wide margin of error in 
the afterglow measures, it is evident that the well-defined lines vv27b09*2, 
2701 J O, 27010 H, 27024 1 and 27737 4 in the afterglow, less refrangible than 
X J590, are nob amongst those listed by Uhler and Patterson. On the more 
refrangible side of X 3590, the afterglow line X 27875'7 is absent from Kaysor 
and Runge’s arc list , the position of the last-named line is so favourable for 
observation in the writer's arc comparison photographs that it is unlikely that 
the line could escape detec tiou 

3. Many of the lines strongly developed in the arc are not detected in the after¬ 
glow, even though account must be taken of the much greater probability ol 
blends in the afterglow spectrum than in the higher dispersion arc data. Thus, 
on the higher wave-length side of X3590, there is no trace of the hues 
vv 277G9 03, 27773-92, 27777-25, 27792 25, 27827 32, all of which are given 
by Uhler and Patterson an intense relatively to neighbouring bnes in tho arc. 
On the lower wave-length side of X 3590, wo have important examples ill the 
/leads of the arc bands (0, 1), (2, 1), (3, 2), no trace of which is detected in the 
afterglow spectrum. Further, if tho writer's identifications of the R and P hues 
of the (1, 0) and (2, 1) bands are correct, it is evident that the (1, 0) band is 
entirely absent from tho afterglow in spite of frequent approximate coincidences 
of ono of lbs band-linos with an afterglow band-line. Such coincidences arc 

* To avoid unduly large errors on certain lines whioh ore partly or wholly hidden in the 
overlap of the CN and Fo spectra, further measura were made at a distance from the latter, 
using well-defined C*N lines (already carefully measured) «s standards 

t In order to diminish tho extent of the table it was thought that the wave-lengths might 
be omitted, as the me wave-lcngtlia have beon published fully by Uhler and Pattaraon and 
by Kaysor and Runge The wave-lengths in air may be Identified at onoe by the use of 
Kaysnr's " Tabelle tier ttchwlngungstahlen " (Leipzig, 1925), whioh appeared while the 
investigation was in progress and has been used in the later stages of the work. 
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shown in the cases of P (6$), P (16J), P (19^). P (2GI) , H (3J), R (9}), R (10J), 
R 1134), R (141), R(1»M, H(22J), R (25 J), R (291) no other hues of 

this baud can bo traced in the afterglow specLrum, these apparent coincidences 
must arise from the occurrence of blonds m both Hpcutra anil indicate the neces¬ 
sity of still higher resolution, The absence of (1, 0) is in accordance with the 
previous observations as to the weakness of the bands with n — 1 in the other 
afterglow groups. 

Similar considerations point to the almost entire absence of the (2, 1) band, 
though the comparisons both of the photogiapliH and of the tabulated data are 
rather more difficult than for the (1, 0) band It is possible that the R and P 
lines ator near ra = 9j arc actually present in the afterglow spectrum; these lines, 
if any, would be expected in the afterglow As no lines of the (.3, 2) band have 
been identified in the are, nothing can be said of its occurrence in the afterglow, 
except that its head has not been detected 

4 A study of the afterglow spectrogram anti of the tabulated data, without 
regard to the an 1 , has led to the division of the lines into certain sets or sequences 
which are suggested by the general run of the intensities and of the first differ¬ 
ences of wave-uumber, though the regularity of both is often vitiated by t,ho 
occurrence of blends The sets suggested include all but a very few of the 
observed lines, and are indicated in the table by numbers (I)-(XIV) at the top 
of each sequence of first differences (Av) While there is reason for believing 
that the regularities implied in some of the sequences have a real significance, 
it is clear that for others no such claim can be made 

Taking (I) and (XII) as typical of the more trustworthy sequences, it is 
seen that each resembles a headless brunch of a band in that it is characterised 
by the usual rise of intensity from each end to a maximum near the middle, and 
by a steady increase in the first differences from one end to the other , further, 
the first differences are of the Hame order of magnitude as those in the known 
bands of the An — + 1, 0 and — 1 groups * The same features are shown, 
though not so clearly, by other sequences, e.g. f II, III (apart from its irregular 
beginning which may be due to blends with lines of II), and TV (again apart 
from irregularities in the first five lines, which may not actually belong to Lhis 
set) VI, VII and IX are much less satisfactory, and the rest consist of very 
few and sometimes doubtful lines f 

* See Tables lit and IV, and the arc oolumn of Table VI. 

t K g i Sets V and X each include only three lines, of which one Is nob oompletely resolved 
from a stronger line. VIII also inclodee only throe lines, which, however, might well 
represent the P branch of the (2, 1) band, 
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The two weak sets I and It at the less refrangible end of the group appear to 
bo the R and P branches of one band, the intervening gap (v27H34'8 — 
v 276f)(> 5) representing the positions of five unobserved lines as well as the null- 
line of the band With this interpretation, it is the U branch (II) which con¬ 
verges towards (without Touching) a head, and not the P brum h (I) , in this 
respect the band differs from the ordinary bands of the arc groups, but resembles 
a 11 tail " band degraded towards the red, Kor the location of the null-line of 
this possible band, and for the discussion of the signihcam e, if any, of the other 
suggested sets a more heavily exposed spoctrogram is necessary 

It may be pointed out that while the regularities implied in the table are rather 
rough and fragmentary and perhaps to some extent fortuitous, they extend to 
portions of the ON spectrum where no regularities have been previously recorded 
This results from the development in the afterglow of only relatively few of the 
arc band-lines The writer is of the opinion that although the tabulated after¬ 
glow lines overrun X 3590 into the region occupied by the more refrangible end 
of the X 3883 (n m -- n — 0) group in the are, they all belong, nevertheless, to 
bands for which n” - ri — — 1, the low n bands (1, 0), (2, 1), and (.1, 2) being 
largely if not completely excluded 

fi The 11 Tail " Bunds near X 3883 

Introductory - It nmy be recalled that Thiele* regarded a band as beginning 
with a head and ending with an oppositely degraded head which was appro¬ 
priately called a “ tail ” ; thus, in posing along a band from head to " tail ” 
the intervals between successive lines first increased from zero up to a flat maxi¬ 
mum and then decreased to zero. Kingt discovered in the carbon arc four groups 
of faint CN bands the positions of the heads of which bore certain simple 
numerical relations with those of the bands in the four prominent groups to 
which wo have so far confined our attention , each of the new heads was regarded 
as the “ tail ” of one of the prominent bands on its high wave-length side Thus, 
taking ns examples only two groups, we may wnto King’s wave-length (converted 
to I A ) for each tl tail ” beneath the wave-length (from Table I) for the head with 
which it was paired by King ■ thus, • 


* ‘ Aatrophys. J vol. 6, p, ftfi (1807) 
t 1 Adtrophyn. .T ,* vul 14, p 323 (1001). 
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Heads of group Aw ^ + 2 ■—4Gl)6-i!», 4578*01 456:113, 

4531 89, 4514 78, 4502 1H 

“Tails "of King’s group IV,— 3984 78, 3944 76. 3910 30 * 

Heads of group Aw =+ 1 —4216 04, 4197*16, 4J80 98, 

4167*77, 4158 00, 4152*42 
11 Tails 11 of King’s group III -3658 19, 3628 91, 3602 97 

(The first- three “ tails 1 of these groups wore not detected , they fall within 

the heavily exposed X 4216 and X 3883 groups, respectively) JungbluHi 
modified King’s arrangement, by pairing the head of longest wave-length in ,l 
group with the ** tail ” of shortest wave-length in the associated group , c g , 
the " tails” at XX3910-30, 3944 76, 3984 78 with the heads at XX4606 15, 
4578 01, 4553 13 respectively Uhlcr nnd Patterson concluded from their 
high resolution measurements that some of the M tads ” in King's groups I, II 
and III, which were essential to both King’s and Jungbluth’s arrangements, 
bore bttle or no resemblance bo real heads f Mulliken, as has already been 
remarked, regards the connection between the two sets of bands as quite different 
from that originally supposed, Ins view being that a group of “ tail ” hands is 
the M returning ” high n portion of the group of prominent bands on the lower 
wave-length side , thus the '* tails ” at XX 3910 30, 3944*76, 3984*78 belong to 
the high n extension of the An — 0 group, XX3883 40, 3871 44, 3861*85, 

Development in the Afterglow —Rayleigh and Fowler observed that the 
“tail*’ bands are developed in the afterglow, and, like the more prominent 
groups already described, they show very marked changes as compared with 
their appearance in the arc In-particular, the bands of King’s group IV, given 
above, exhibit the First Effect, te, the clearness of the null-line gap resulting 
from the non-development of lines of high m values The gap in each band is 
beautifully shown in Rayleigh and Fowler's fig 6a 

Orating measurements have been made over a short range of the bands of 
King’s group IV in the afterglow , the intensities and wave-numbers are 
given in Table VII. A very dose simdanty is shown to exist between the 
structure of these bands and that of the X 3590 afterglow group described in 
section 6. In the first place, no heads aro detected ,J Mulliken's interpretation 
of the " tail “ bands would presumably require this absence of heads in the 

* In group IV Rayleigh und Fowler noted an additional baud near A 4030 and another 
near 3883. 

t See, for Instance, note t to Table VI, wliare Filler and PatLerson’s remark on the “ tail” 
at A 3003 u quoted 

t One apparent exception le, however, noted below Table VII. 
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Notes to Table VII. 


a—See Table VI note a for g, b, n, <L 
b.—A n in Table VL 

u—The open structure is interrupted at this point, beyond which there is a grey background 
of unresolved lines ending in a head at X 3910 07, v 25367 8 degraded towards the rod, 
this is one of the “ tails " given by King 

N-—From both the grating photograph and Rayleigh and Fowler's reproduction (Bg 6 a), U Is 
evident that theee two gaps represent thr null-line regions at two bands oonaistbag of 
II + III and IV + V respectively. 

e 1 —The appearance of V suggests that It should oontlnne beyond this point, bub this Is net 
shown by the tabulated numerical data os the following four lines do not fit In. 
c —Doubtful lines were measured at wv 23720 2, 20730 B, not saUsfaatprUy resolved from the 
muoh more oertain lines nr 20718 *8, 20726 2 respectively 
A.—VI evidently continue* beyond the strong head X 3883 40 ol the (0, 0) band, and may be 
followed by other similar sequences of line* whioh nannot be detected with the resolution 
employed dee (0, 0) band, p 422. 


afterglow spectrum, for high values of n ore accompanied by high values of 
mtmA (see Table I). Secondly, it is quite clear from Table VII that the hoes 
fall into a number of sequences (I-VI) closely resembling the more certain of 
the sequences observed in the X 3590 group ; the smaller degree of overlapping 
in the “ tail" bands favours more complete recognition of the sequences. The 
distribution of intensities and the progressions of first differences are, as far as 
can be determined, typical of branches of bands. Sequences II and III 
appear to be short low-m ranges of the F and B branches of one band, 
VOL, cxh. —A. 2 a 
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having its null-line in the intervening gap, and its R branch (III) converging 
towards, though not reaching, a head , this is, of course, implied in the observed 
fact that the “ tails T ' in the arc degrade towards the red Similarly, sequences 
IV and V are the P and R branches of the next “ tad M band, the R branch (V) 
again proceeding towards the fibseut head , this is the hand near X 3883 which 
was noted by Rayleigh and Fowler For the exact location of the null-lines 
of these two bands (II |- III and IV -f- V) more heavily exposed plates arc 
necessary , Rayleigh and Fowler’s original Littrow spectrograms may suffice 


7 Summary 

Rayleigh and Fowler described certain modifications in the X42L6 (n*— n = 
+ 1) and X 3883 (n m n — 0) groups of CN bands developed in the afterglow 
of active nitrogen as compared with the arc The modifications of the X 3B90 
(n' — 11 '=— 1) group and of sumo of the “ tad'' bunds are now discussed 

By means of Heurhnger's and Kratzer’s formulae, and the combination 
pnnciple, data for the (], 0) and (2, 1) bands of the X 3590 group are identified 
in Kayser and Runge’s arc liBt 

The modifications in the X 4216 and > 3883 groups and the interpretations of 
them given by Birge and MuUiken are discuBsed with the aid of grating measures 
The afterglow develops especially lines of low m values and bands of high n 
values As n increases the intensities of the bauds in each group teijd to show 
an alternation as well as a general increase. Bands with n = 1 are the 
weakest. 

The X 3590 group (like the above) is shortened in the low-X direction, but (un¬ 
like the above) 1 1 is prolonged in the high- X direction in the afterglow as compared 
with the arc, and also consists of headless bands ft is shown that on the 
assumption that these bands have n" — n - — 1, the absence of heads follows 
from the non-development of high-m lines, and the high-X extension may 
be due to the enhancement of high-w' bands 

Grating measures of the X 3590 afterglow group are recorded and compared 
with the arc data for the same region Each source develops some linos which 
the other does not The (1,0) and (2, 1) bands are not detected in the afterglow ; 
and the head, at least, of (3, 2) is also absent The afterglow lines of this group 
fall into regular sequences (branches), some of which taken in pairs appear to 
form bands of the PR type, degrading in the opposite direction to the low-n 
bands. The 11 tail ” bands near X 3883, for which some grating data are 
recorded, form similar headloss branches in the afterglow 
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DESCRIPTION OF PbATES 13 ami 14 

The more refrangible Imnd-eyptem of CN (10 ft concave grating, first order) 

(o) In the carbon arc in air 

(b) In the afterglow of active nitrogen with oyanogon 

1 The X :iT>DO group, n* n - — 1 Fe linen are shown an an impurity in (d), and as a 
comparmon apeoLmni in (6) 

2. The X 3HH3 group. n m - n' -= 0 
3 The X 421b group, n* n ^ 1 

It 


Crystal Structure and Chemical Constitution of Basic Beryllium 
Acetate and its Homologues . 

By Gilbert T Morgan and W. T. Astbury. 

(Communicated by Sir William Bragg, F R 8 —Received July 21, 1926 ) 

(Plath 15 ) 

The physical aud rhonrucal properties of basic beryllium acetate, 
OBe ( (CH a CO B ) 0 , are those of a non-ioiused substance having the unitary 
structure of a typical organic compound, each chemical molecule of which 
may be regarded as forming one co-ordination complex 

The fact that the arrangement of the eleven associating units of which this 
molecule is composed possesses the geometrical attributes of a tetrahedron 
has led to a stereochemical conception of the constitution of the compound, 
which is confirmed by the results of X-ray analysis * 

The unique oxygen atom is situated at tlu* centre of the tetrahedron, tho 
four beryllium atoms are arranged on lines joining the centre with the four 
vertices of this regular solid, whereas the six acetate groups are distributed 

* Bragg and Morgan, 1 Roy Boo Prw A, vol 104, p 43T (1923) 

2 a 2 
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symmetrically about the six sides of the tetrahedron. The precise arrangement 
of the six pairs of oxygen atoms derived from the su acetate radicals is discussed 
in detail on p 6 (foe. eU ) 

The three atoms which are attached to the inner oar bon atom of the carboxyl 
group (viz., the outer methyl carbon atom and two similarly situated oxygen 
atoms) are arranged on a plane passing through the centre of the carbon, but 
this plane is not necessarily either parallel to the edge of the tetrahedron or 
perpendicular to it. Nevertheless, the su paiiB of oxygen atoms in the acetate 
groups occupy symmetrical positions in the molecule. 

The arrangement of the hydrogen atoms on the methyl carbon atom presents 
a difficulty There are eighteen of them and they cannot all be symmetrically 
distributed with respect to either the vertices or the edges of the tetrahedron. 
But since the crystals of the acetate display cubic symmetry, it must be assumed 
that, owing to their relatively small importance, the presence of these eighteen 
hydrogem atoms does not modify appreciably the crystal structure of the 
compound 

When, however, one of the three hydrogen atoms m each methyl group 
is replaced by a larger methyl radical, as in basic beryllium propionate, 
OBe 4 (CH B CH, C0|) fl , the influence of thiB substitution on crystal structure 
becomes at once apparent in the marked change produced in the crystalline 
form of the beryllium compound. The crystals of basic beryllium propionate 
belong to the monoclinic system and the crystal unit is made up of two 
chemical molecules (foe, at ). 

A similar departure from cubic symmetry was observed (foe cit.) m the 
case of basic beryllium acetate propionate, OBe^CHa.CO,), (CH B .CH B COg)|, 
in which the replacement of hydrogen atoms by methyl groups occurs only in 
half the acetate radicals present. 

This study of the influence of chemical constitution on crystal structure has 
now been carried farther by an X-ray examination of the following homologues 
of basic beryllium acetate ;— 


basic berylhum wobutyrate, OBe« 


S> chc ° i) )‘ 


basic berylhum n-butyrate, 0 Be 4 (CH B .CH B CH a CO B ) 0| 
basic berylhum pivalate, OBe 4 ((CH B ) l G.C0 1 ) a . 

The propionate (already examined), the isobutyrate and the pivalate are of 
special interest in this investigation because they represent the progressive 
replacement of the hydrogen atoms of the acetate radical by methyl groups. 
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The following summary includes a brief description of the preparation and 
properties of these homologous beryllium compounds 

Basic Beryllium n-Butyrate , formerly described os an oil,* was obtained in 
solid form by dissolving specially purified beryllium hydroxide in the calculated 
amount of n-butync acid heated to boiling, On cooling, the product separated 
as an ofl and was extracted with cold benzene The benzene extract was 
evaporated and the residue crystallised repeatedly from light petroleum bo iling 
below 40° (Found C = 49 -76, H =: 7 30, Be = 6-42 C 24 HieOi B Be 4 requires 
(’ = 50-18, H = 7*32, Be = 6 29 per cent,) Basic berylhum n-butyrate 
separated in colourless leaflets melting at 25-27°. 

Banc Berylhum iso Butyrate, prepared by the foregoing method using 
isobutyrio acid, was obtained m needles from light petroleum (b p. 40-60°) 1 
(Found C = 49 50, H = 7 37, Be = 6-42 per cent). 

Large crystals of the wobutyratc were isolated by allowing the petroleum 
solution to evaporate slowly into a confined space. The melting point of this 
preparation was 88-89° Lacombe (loo oil.) gave m p. 76°. 

Basic Beryllium Pivalate —Pivahc or trim ethyl acetic acid was prepared 
from pinacolinf and its beryllium denvative was produced by boding under 
reflux 6-5 gnn of beryllium hydroxide (BeO = 43 per cent), 16-6 gnn. of 
pivahc acid and 30 c.c. of petroleum boding at 80-100° The filtered solution 
was concentrated when 15-5 grm of crude pivalabe was obtained (yield 
87 per cent) By crystallisation from petroleum (b p 40-60°) needles of 
beryllium pivalate were isolated - (Found C = 64-44, H = 8-15, Be = 5*56 
CjoHnOjuBe* requires C = 54-71, H = 8 23, Be = 5-48 per cent.). 

On alow evaporation of the petroleum solution large pyramidal crystals of 
basic berylhum pivalate were obtained melting at 163°. 

X-ray Analysis 

Basic Beryllium Acetate .— The X-ray analysis of the structure of basic 
berylhum acetate has been discussed elsewhere (loo cU .), but there are still a 
few points that may be enumerated here The abnormal spacings observed 
({hkl) halved if (A + fc), (A + l) or l + A) is odd, and also { hko } quartered 
if (A + A) is odd but halved if even) correspond to either of two cubic space 
groups, Tjt 4 or 0* 7 . If the space-group is T/, the crystals belong to the dyakis- 
dodeoahedral class and the molecular symmetry (eight molecule per cell) 
is that of the tetrahedral-pentagonal-dodecahedron, four triad axes and three 

* lAoombe, 1 Oompt nod rol. 194, p. 171 (1901), 
t Sebauble and Lebl, 1 Mooatsb./ voL M, p. 1094 (1904). 
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dyad axes If the space-group is 0 * 1 , the crystals are holohcdr&l, while the 
molecules have the symmetry of the regular tetrahedron In both Bpace- 
groups the molecular arrangement is similar to that of the carbon atoms in 
diamond, but the molecular symmetry in T* 4 is lower A Laue photograph, 
taken with X-rays perpendicular to the octahedron face, discriminates at once 
between these two groups, for in T\ 4 the diagonal planes of symmetry of the 
cube are absent, and simple threefold symmetry only is to bo expected in the 
arrangement of the spots Such a Laue photograph is shown in Plate IB It 
indicates clearly the lack of diagonal symmetry planes The spaco-group is 
therefore T/ This conclusion was confirmed by a photograph perpendicular 
to the cube face As was to be expected, this photograph showed only 
symmetry planes parallel to the cube faces Such being the case, the molecular 
symmetry is only twelve-fold The unique oxygen atom Iich at the centre of a 

regular tetrahedron of beryllium atoms, while 
the six equivalent at etatc groups arc associated 
with the six edges of this tetrahedron Each 
acetate gToup is symmetrical about a dyad axis, 
that is, its two oxygen atoms are equivalent and 
the three-fold symmetry of the (CH a ) group is for 
some reason non-effective The plane of each 
acetate group, since full tetrahedral symmetry 
does not extend beyond the tetrahedron of 
beryllium atoms, must lie oblique to the 
tetrahedron edge with which it is associated. 

Basic Beryllium Pivalalc —Crystals of basic 
berylbum pivalate are soft, colourless bi- 
pyramids, frequently of pseudo-orthorhombio 
habit (fig 1) 4 Their specific gravity by the 
suspension method was 1 05. As the crystal 
faces did not reflect light well, their gomo- 
metnc measurement was carried out entirely 
by X-ray reflections on the ionisation-spectrometer They proved to be mono¬ 
clinic with the Bravais-lattice, T m ' The bipyramidal habit of the crystals is 
very marked, and to bring out this characteristic a face-centred cell was chosen. 
This cell is nearly orthorhombic . its dimensions are 

a *■ 19-3, b =* 12 4, c = 35-4, A U (3 = 91° 21' 

The habit consists therefore of the two forms (111} and (Ill) only. 
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There are eight chemical molecules id the cell and the abnormal spacingfl 
observed ore. { Khl } halved if (h -f- k), (k + l) or (i + h) ib odd, and also 
( hoi] quartered if (A + l) is odd but halved if (h + 0 is even, These results 
correspond to two possible monochmc space-groups, C* if the crystals are 
uionoclinic domatic, C^ 0 if they are prismatic * The dimensions of the unit 
cell were confirmed by a senes of rotation photographs 

The following reflections were observed on the ionisation-spectrometer — 


(400) v s 

(044) v w 

(804) m 

(313) v w 

(800) w 

(024) 8 

(4016) v w 

(lll)w* 

(1200) v w 

(048) v w 

(8012) v.w 

(22‘i) m 

(020) s 

(026) m 

(220) s 

(333) v u> 

(040) v w 

(202) v s 

(440) 17 to 

(113) > 

(000) u> 

(205) V 8 

(240) v w 

(226) w 

(004) a 

(404) v to 

(420) w 

(115) rn 

(008) w 

(200)a 

(111) v ? 

(224)m 

(022) m. 

(408) w 

(222) m 

(313) e u; 
(242) v.i o. 


We notice at once a striking similarity between the structure of basic beryllium 
pivalatc and that of the basic acetate, The habits are similar, bipyramids for 
the pivalatc and octahedra for the acetate, and this characteristic springs 
from the resemblance between the arrangement of molecules in the unit coll. 
The acetate arrangement corresponds to the well-known 41 diamond structure ” 
in which each molecule is at the C G of four others, while in the pivalate a closely 
related molecular distribution prevails. This may be understood from fig 2, 
which shows diagrammatically the arrangement of molecules in a face-centred 
cell of C* This figure is a projection on (001) f The molecules are located 
at four levels, 0, c/4, c/2, 3 c/4, marked 0, 1, 2, 3 Molecules 1 and 3 arc reflec¬ 
tions in the glide-planes (shown dotted) of molecules 0 and 2 This structure 
has more degrees of freedom than the corresponding cubic arrangement. In 
the latter, molecules 0 and 2 define regular tetrahedra at the C.G/s of which are 
located molecules 1 and 3, but in the monochmc system 0 and 2 define only an 
oblique bisphenoid and 1 and 3 may move along lines LM away from the 
central position Such is the arrangement that holds for the molecules of basic 

*P Nlggli, ' Geom. KryaL dea Diakontinuuma', R W. G, Wyckoff, ‘ Analytical 
Expression of the Theory of Space-Groups '; W. T Ah tbury and K Ysrdley, 1 Phil, Train. 
Roy. Soc.,' A, vol 224, p 221 (1024) 

t See diagram at end of Astbury and Yardley's paper 
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beryllium pivalate. As can be seen immediately from the cel] dimensions, 
each molecule is located within (not necessarily at the OG) a quite irregular 



tetrahedron or biaphenoid, and from this wc are forced to the conclusion that 
any threefold influence, such aa predominates in the structure of the basic 
acetate, either does not exist or is non-effective in the pivalate Strictly 
speaking, the basic acetate cannot have four trigonal and three dyad axes It 
lfl only because the three hydrogen atoms in the (OH a ) group have, for some 
reason, no appreciable effect on the molecular symmetry that the molecule 
functions in the crystal as it does And when we pass over to the pivalate, 
four triad axes are impossible unless the whole of the [C(CHJ] group is strung 
out into a line (a dyad axis), which is not at all likely Of course, it is con¬ 
ceivable that the molecular structure of the pivalate is not analogous to that 
of the acetate, in which case the divergence between the two crystal types is at 
onoe explained but it is unnecessary to assume this The substitution of the 
three methyl groups is quite sufficient to aocount for the change In the observed 
molecular distribution we can see a striving after a tetrahedral arrangement, 
for in the pivalate we have still each molecule Buirovinded by an irregular tetra¬ 
hedron of four other molecules, but the methyl groups have here achieved what 
the hydrogens in the acetate were unable to do The four trigonal axes have 
been destroyed, and the result is a compromise It is not possible at the present 
state of our knowledge to deduce anything further from the X-ray results 
Only one other point needs discussion. As mentioned above, the space-group 
may either be C, 4 or C^ 8 . If the former, the molecules are crystallographioally 
asymmetric, if the latter, they may be symmetrical about either a dyad 



Basic Beryllium Acetate and its Ilomologues 


447 


axis or a centre of symmetry With a molecule analogous to that of the basic 
acetate, both of these possibilities are obviously excluded We must conclude 
therefore that the crystals are monoclime domatic, space-group t\ 4 , with eight 
asymmetric molecules in a face-centred cell If they are not of this class, then 
the molecule cannot be analogous to that of the basic acetate 

Basic Beryllium IsobutyraJe - This substance forms soft, colourless crystals 
of the habit shown in fig 3 Their specific gravity by the suspension method 
was 1 -14 The crystal faces do not reflect bght well, but a gomometm measure¬ 
ment of the main angles gave - 

A B ■= 87 n 52' (mean of 1 l readings) 

A—-O' — 80 Q 28' (mean of 4 readings) 

B — 70° 30' (mean of C readings) 

B d = 47° 35' (mean of 2 readings) 

A e — 42° 29' (one reading only) 

A —f — 83° 25'(one reading only) 

These measurements correspond to a tncliinc pinakoidal unit, and sufficient 
X-ray observations were taken to confirm this conclusion It did not appear 



profitable, however, at this stage to pursue the investigations farther Owing 
to the complexity of the molecules, the unit cell is very large and a reliable 
determination of its orientation would have involved an unmerited amount of 
labour Apparently the cell corresponding to fig. 3 contains eight chemical 
molecules, the edge which is the zone axis of the faces A and B being 9‘82 A.U 
long. It is clear that there has been a complete change of crystal type in passing 
from the acetate and pivalate to the isobutyrate, and nothing of any value can 
as yet be deduced about the atomic arrangement withm the molecule 
Banc Beryllium Normal Butyrate.—This substance can be crystallised only 
with great difficulty The M P is so low that the crystals at ordinary tempera¬ 
tures quickly pass into a fluid or semi-fluid state which renders them unsuitable 
for X-ray investigation At the best they could be examined only by the powder 
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method, ami this lattor is quite inadequate lor the determination of such a 
tomplex structure The crystals are undoubtedly of low symmetry, and in 
all probability the molecules are crystallogTaphically asymmetric 

The beryl employed in these experiments was obtained by the aid of a grant 
from the Department of Scientific and Industrial Research , the mineral was 
worked up into the purified organic compounds with the assistance of Messrs 
T J Hedley and V R Porter 

The X-ray investigation described in this paper was carried out, by aid of a 
grant from the Department of Scientific and Industrial Research, in the Davy 
Faraday Laboratory 


The Structure and laotnmorphis'tn of the Tervalent Metallic 
Acetylacetones 

By W T Asthury, B A , A Inst P 
(Communicated by Sir William Bragg, FRS —Received July 21, 1926 ) 


Introduction 

A report on the crystallographic characteristics of the aeetylocetone deriva¬ 
tives of aluminium, gallium, indium, Bcandium and iron has been contributed 
by T, V Barker to a paper by Morgan and Drew f Trans Chcm Soc vol. 119, 
p 1050 (1921)). For the sake of convenience his table is reproduced here 


Table 1 

(1) Aluminium, monuebme, 

a 6 c = 1 901:1 1 111, p = 98° 54'. 

(2) Gallium (a-form), monoolmic, 

a.b c =■ 1 834 1 1 069, p = 99° 12'_ 

(3) Gallium (p-form), orthorhombic, 

a b c = 0 6314 1 1 253. 

(4) Indium (p-form), orthorhombic, 

a;b c =0 6168.1 1 -291. 

(5) Indium (y-form : Jaeger), orthorhombic, 

a b c = 0 5593 :1 . ? 

(6) Bcandium (y-form : Jaeger), orthorhombic, 

a~h .c = 0*5621 1 1 . ? 

(7) Iron (jy-form ■ von Lang), orthorhombic, 

o-Vc= 0-5689 1 1*222 


^TsomorphouH 

l 

^Isomorphoua. 


Llsomorphoua, 
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This table shows how the tervalent acetylacetones present collectively a 
remarkable case of lsotnmorphism With the object of revealing the nature 
of this iBotnmorphism and, if possible, of throwing light on the molecular 
structure of the acety lace tones, five of the crystals mentioned above and five 
others have been submitted to an X-ray examination The results may first 
of all be tabulated after the manner of Barker's. 


Table II 


(1) Aluminium 

(2) Chrgmium 

(3) Manganese 

(4) Cobalt 

(B) Gallium. 


I somorphous Monochnic Acciylacetonrjt 0^ 

a = 14-1, 6 = 7 42,0=16 5 A l T p = 9H° 54' 
Density = 1 27 

« -- 14 2, b — 7 02, 0 = If) 5 A U p = 99° 8' 
Density — 1 34 

a = 14 1,6 — 7 68, c — 16 5 A U p = 99° 24' 
a = 14*2, b =- 7 50, c = lb 4 A U p = 98° 38' 
Density = 1 43 

a — 14-0, & = 7 63, c = 16 3 A U. p = 09° 12' 
Density = 1 42 


Four 

►molecules 
per cell 


P 1 aormrphous Orthorhombic Acetylacct&ncs <V-*<?»». 


(6) Scandium. 

b = 13-52, a = 8 20, e = 16 15 A U 


(7) Gallium 

b=13 ],o = 8 20, c = 16 3 A U 

I Four 


Density = 1 41 

>molecules 

(8) Indium. 

6= 13 4, a = fi-24, c — 1G 5 A U 

[ per cell 


Density = 1 51 


y I amorphous Orthorhombic ActlyUusUmet, V v 9 or 4b, 1 ". 

(9) Iron b ^ 13 68, a = 15 74, c ^ 33 0 A U .Sixteen 

Density = 1 33 > molecules 

(10) Gallium. b -= 13 74, a - 15-71, c = 32 70 A U. J per cell. 

For comparison purposes, the 41 b ” of thn orthorhombic system is placed 
under the “ a ” of the monoehnic system The specific gravities mentioned 
were determined by the suspension method 

From these X-ray measurements it is clear that only in the case of the 
p-form does the unit cell chosen goniometncally correspond to the structural 
unit cell, To obtain the true cell from the gomometnc cell we must, in 
the case of the a-acetylacetones, double the c-axis, while in the case of the 
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y-acety Lace tones, we have to double both the a-and c-axes If we allow for these 
doublings, we see a striking resemblance between the three structural units 
The a- and (3-cells arc practically equivalent in dimensions, both being about 
one quarter the size of the y-cell But between the three types there is a 
closer connection even than that implied by their dimensions, for in “ habit 19 
too, they are nearly alike, all three consisting essentially of a pseudo-hexagonal 
combination, { 001 }, {100 } and { 110 } for the a-furm, [ 001 }, { 010 } and (110 } 
for the (3-form, and {001}, {010 } and {210} for the y-form It should be 
noticed here that these indices refer to the true cells us determined by X-rays, 
not to the cells chosen gommetncally. The true indices will be used throughout 
the rest of this paper Figs. 1a and 1b are reproduced from Barker and fig lc 
from von Lang 



Fio 1a —Aluminium and Fni In,— Gallium and 

Gallium Ace tylace tones Indium Aoety lace tones 

(Monoelmic). (Orthorhombic) 



Fio. lc —Feme Acetyl- 
acetone (Orthorhombic). 


Another remarkable point is this, that all throe forms of the gallium compound 
have been observed in one and the same crop of crystals from acetone It is 
not difficult to obtain a mixture of the a- and [3-gallmm compounds, but the 
y-form had not hitherto been prepared Strange to say, a single crystal, about 
one millimetre across, was found among a mixture of the a- and (3-gallium 
acetylacetones. In addition to the usual forms {001}, {010} and {210}, this 
crystal showed four small (101) faces and a single small (011) face. It is on 
this as yet unique crystal that most of the X-ray investigation of the y-acetyl- 
acctones has been carried out. In a composite crop of crystals the three 
types are so alike that actual measurement is generally required to discriminate 
between them, especially between the two orthorhombic forms The specimen 
of manganese a-acety lace tone grown from benzene showed a tendency to be 
tabular on the (100) face Perfect {001} cleavage h&B been observed on the 
(3-form and perfect { 010 } on the y-form. The optical properties also of those 
two forms are different 
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X-Ray Examination of the Monochmc Acetylactonee (a) 

These were examined by the ionisation-spectrometer, rotating crystal and 
Laue methods The halvings observed are {hoi} when l is odd and {010}. 
The space-group is therefore the monochmc prismatic space-group C^ 6 * The 
following reflections were observed on the Bragg lomaation-Bpectrometer with 
molybdenum anticathode (see Table III), v s. = very strong, s strong, 
m s = moderately strong, rn = moderate, w m, = weak to moderate, 
w = weak and v w, = very weak. 


Table III 


Axuil Plants 
(100) w m 

(0010) D W. 

(024) v w 
(044) vtc 
(0312) v.w 

(200) rri 9 
(40S) m 

(200) vs 

Pnsm Planes 

(102) w m 

(300) s 
(400) m b 

m 

(012 )b 

(026) v w 

(400) w m 
(204) 10 

cm*)) kit 

(021) b 

Pnsm Planes 

(304) w 

(020) s 

(022) m s 

[hoi] 

(202) .0, 

(040) id m 

(014) m s 

(102) d 

(300) ip, 

(060) v w 

(013) m 9 

(302) d 

(8O4)i0 

(002) v,s 

(011) wm 

(104) a 

(306) Du 

(004) to 

(033) w m 

(302) 9 

(202) iM0 

(006) w 

(042) u m 

(204)9 

(404) v w 

. _ --- ' 

__ _] 

_ _ _ . 

_ _ 


(600) v w 
(BOfl) v.w 
(408) v u 
(40T3) v.w 
(20HI) o id 

Prt*m Planes 

,..Ci 

(240) w 

(120) v w 
( 220 )v w 
(360) u 10 


General Planes 
(ll2) v s 
(112)m 
(222)w m 

(ll9) w 
(442) w 


(114) IMU. 
(224) v w 
(332) v.w 


The dimensions of tho unit cell, which is of the simple monochmc type, T mt 
and which contains four molecules of 



I -1 

l o-c\ciy/ J,J 


Here confirmed by a senes of rotation photographs about vanous crystallo¬ 
graphic directions In a subsequent paragraph these photographs will be 
discussed further 


X-Ray Examination of the Orthorhombic Acetylacetones (p) 

The p-acetylacetones were examined by the spectrometer method and by 
Laue, rotation and oscillation photographs With such a large cell and with 
the necessity of ascertaining the halvings in the three types of prism planes, it 
was found that successive " layer-lines H (“ Schichthmen ”) of reflections were 
too close together to be separated without ambiguity on the spectrometer with 

* F Niggli, 1 Geom Kryat. dee Dukontinuuma. 1 R W. G Wyokoff, ' Analytical 
Expression of the Theory of Space-Groups ' (o) W. T. Aitbury and K Yardley, ‘ Phil. 

Tram Roy Boa / A, vol 224, p. 221 (1024). 


452 


W. T. Astbury, 


molybdenum rays A senes oi 10° oscillation photographs were therefore 
taken, using copper rays These oscillation photographs were analysed by 
means of a " rotation-chart " prepared by Mr J D. Bernal, to whom also I am 
indebted for a iiuiii1k.t of rotation and osLillation photographs The method 
of analysis will be described by Bernul in a forthcoming pubhcatiun. Sufficient 
photographs were taken to fix the dimensions of the cell without any reasonable 
doubt It proved to be of the simple orthorhombic type, r o , containing, like 
the monoilinu irystals, four ncetylacetone molecules The halvings observed 
were { hoi } when (h + l) is odd and {U10}, giving for the space-group Cg, 7 or 
Q h 13 , according as the crystals arc pyranudul or bipyrnmidnl Attention is 
here directed to the “halving" of the form {010}, which does not occur in 
combination with the {hoi) halvings m the ordinary scheme of orthorhombic 
spaeings Yet there is no doubt that this is a genuine halving, just as those of 
ihe (Ao/} forms, since it was examined very carefully both photographically 
and by the spectrometer No trace of odd-order reflections appeared in either 
the scandium, gallium or indium crystals It will be seen later that tins halving 
is very simply explained by the structure proposed for the (3-ace tylacefcones 
The following reflections were observed (Table IV) with gallium p-acetylai etone 


Table IV. 


Axial Plants 

(002) » 

(402) . 

(320) it- m 

(102) m 8 

(354) ta 

(300) m - 

(004) * 

(103) m a 

(330) torn 

(221) m 8 

(411)fn 

(400) w m 

(004) g 

(303) m n 

(210) v w 

(222) m 8 

(415) m 

(020) v s 

(033) m * 

(208) m « 

(240) v ip 

(224) ms 

(424) in 

(040) w 

(002) m . 

(101) rn 

(100) IMP 

(121) 70 

(433) ta 

(000) ip m 

(060) m 

(200) 7Ti 


(144) m 

(131) *P TA 

(002) v « 

(048) m 

(301) m 

General Plane* 

(151) 77* 

(141) ip m 

(004) win 

(025) it’ m 

(404) m 

(112) vs 

(104) in 

(162) W m 

(000) «7 

(030) w m 
(001) w m 

(107) v< rn 

(114) V 8 
(113) « 

(172) m 
(174) m 

(ni)wm 
(214) ip rn 

Pnom Plants 

(065) ip m 

Pnsm Pianos 

(110) . 

(211) m 

(321) ip 7a 

\ukl\ 

(000) v m 

\hko) 

(120) . 

(215) tii 

(322) to m 

(014) 

(004) III TA 

(110) V8 

(127) * 

(210) TA 

(a25) ip m 

(022) t 

(041) ip, 

(120) 7A 

(137). 

(217) m 

(331) ip m 

(023) . 

(003) w 

(420) m 

(154). 

(220) ta 

(332) iv m 

(034) 5 

(000) n w 

(130) m 

(156) « 

(311) in 

(431) V> TA 

(032) * 

Prism Planes 

(230) m 

(212). 

(313) in 

(153) ip 

(034) ■ 

(150) m 

(3U) . 

(316) ta 

(UV3)tp 

(042) 8 

iH 

(170) m 

(314). 

(323) ta 

(414) ip 

(044). 

(100) 1> B 

(430) m 

(413). 

(324) ?n 

(422) u 1 

(040 )* 

(202) . 

(220) ui 77i 

(136) ms 

(334) ta 

(135) v ip 
(213) v tp 


The dimensions of the cell were fixed by the oscillation photographs and a 
number of rotation photographs The latter will be discussed later, under the 
heading “ Localisation of the Molecules ” A Laue photograph of the gallium 
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compound corresponded to orthorhombic symmetry It showed no trace of 
pseudo-hexagonal nature 


X-Ray Examination of the Orthorhomlnc Awhjlueetonrs (y) 

A number of Apectrnrncter and photographic observations were made on 
feme acetyl ace tone, but most of the results for the y-form were obtained from 
the small crystal of gallium y-acetylaeetoue mentioned above The unit cell 
for the y-ac ety lace tones is so large (being L5 71 X 13 74 X 32 76 A LI for the 
gallium compound) that spectrometer measurements with a molybdenum anti- 
cathode are not reliable Moreover, with the small quantity of ferric acetyl- 
acetone crystals available, the spectrometer gave only one reflection (104) T 
which showed that the guniumetric a-axis must be doubled, while no reflections 
showing the true length of the c-axis were observed Even a rotation-photo¬ 
graph about the r-tuns failed at first to reveal its great length The existence 
of very weak intermediate hyperbolae was first detected on the c-oxis oscillation 
photographs Afterwards, a long-exposure rotation photograph was taken 
about the c-axis, and on this photograph the weak intermediate hyperbole© can 
just be discerned It should be mentioned here that the indices of the X-ray 
reflections from the acetylacetones could be ascertained with certainty only by 
moans of a large number of oscillation photographs The cells are too large, 
and therefore overlapping of spots is too frequent to permit this being done by 
means of the simple rotation photographs For instance, with the y-form, 
as many as 126 planes [okl] arc theoretically possible in the equatorial zone of 
a rotation about the o-axis, if wo use opper rayH and a quarter plate at a 
distance of 4 ems from the crystal Of course, it would be impossible to resolve 
these planes except by resorting to small oscillations A simple method of 
crystal-setting for oscillation photogruphs appears to be worth mentioning here 
It often happens, as in the case of the single crystal of gallium y-acety lace tone 
used in these experiments, that the crystal ib too small or too rough to be set 
by optical means Indeed, for good photographs, showing Hpots which can be 
resolved without ambiguity, small crystals arc essential If now' the points of 
two needles, supported by adjustable (and, if necessary, detachable) arms from 
the slit-head, be brought into alignment with the X-ray beam by looking through 
the slit, the lino joining the tw*o needle-points is a base-line from which bearings 
may be taken This is easily accomplished by means of a tele-microscope of 
about one centimetre held and containing a cross-wire in the eye-piece The 
cross-wire is set so as to join the needle-points, and the small face or edge of the 
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crystal, which requires setting at a known angle bo the X-ray beam, is then 
adjusted to lie in the required direction with respect to the cross-wire. Fig 2 
(representing a view looking down the microscope) makes this clear By 
taking the average of a number of readings, sufficient accuracy is easily 
attainable, 



The following reflections were observed from gallium Y" ftcefc yl a cetone 
(Table V). They show the halvings {hh>} when h is odd and {okl} when (k -f l) 
is odd, the corresponding space-group being either C* 9 or Q* lc , according as the 
crystals are pyramidal or bipyramidal There are sixteen chemical molecules 
per cell, that is, either four times or twice the number of asymmetric molecules 
required to show the crystal symmetry A Laue photograph of ferric y-acetyl- 
acetone corresponded to orthorhombic symmetry Like that of the p-acetyl- 
acetones, this photograph showed no trace of pseudo-hexagonal nature, even 

though the (210) (2l0) is 59° 16'. 
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Table V. 


Axial Plana. 

(4014) m a 

(614). 
(6112). 

(2610) ppli 

(658) m 

(443) 10 

(*00)-. 

(408) m. 

(278) m a 

(374) m. 

(542)10 

(400) w. n. 

(004) m. 

(1210) . 

(467 ) nu 

(B110)m. 

(044) ■ 

(600) v. 

(401) w m. 

(2214) . 

(460) - J, 

(338) m. 

(O4«)i0 

(090) v.t. 

(207) i0 

(824). 

(4610) im 

(128) 10 —. 

(642)10 

(040) v.tf. 

(300) it 

(428) .. 

(126) m. 

(120) 10 n. 

(256) (0. 

(004) 

(008) n t 

(400) ET 

(4912) . 

(2110) m 

(413) 10 —. 

(2310) (0. 

(608) uf 

(624). 

(2213)—. 

(4110) 10.771 

(3511)w 

(0011)u 


(234). 

(315) m 

(4112) lo Tit 

(652) u 


Prism Plana 

(432) .. 

(316) m. 

(4113)10-. 

(606) u 

Pram Plana 

„iH 

(436). 

(322) m 

(9118) up fit. 

(264) it. 

(oU). 

(4310) . 

(325) m 

(137) urn 

(270) Hr 

(024) p f 

(220) . 

(632). 

(326) PTi. 

(1311) 10 m. 

(B34)i0 

(01B) a 

(420). 

(684). 

(411) 771 

(438) tom 

(817) v up 

(0212) 

(620) . 

(638) « 

(4111) m 

(538) id rn. 

(3110)0 10. 

(044). 

(280). 

(442). 

(422) - 

(712)w - 

(513) 0.10 

(068) a 

(440). 

(444) . 

(424)— 

(818) lo —. 

(612) ui0 

(06)2) . 

(640) . 

(448) ■ 

(612) - 

(318)— 

(714) 0». 

(026) ma 

(660) . 

(4412) . 

(0111) m 

(BllO)- 

(3210) vu. 

(028) -j 

(460). 

(268) . 

(621) m 

(1211) Hi. 

(421) u i0 

(022) rn. 

(410) m a 

(2612) . 

(628) m 

(1212) v 
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Localisation of the Molecules. 

The great similarity between the respective habits ol the three forms of the 
tervalent acetylacetones has been mentioned above. They have in the main a 
simple pseudo-hexagonal appearance, due to the predominance of the three 
forms {001}, (010) or {100}, {110} or {210}. Other forms are either very small or 
quite absent. The unfailing predominance of the three forma mentioned, 
considered with regard to the close resemblance between the dimensions of all 
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three unit cells, points unmistakably to the relative distribution of the molecules 
in the cells. From these two facts alone there can be little doubt where the 
molecules lie, but the general appearance of the rotation photographs settles 
the matter It is clear from the combined evidence that the approximate 
arrangement of molecules is os in figs. 3a, b and c, for the a-, and y-forms 
respectively. (The dimensions indicated are those of the gallium compounds ) 



As a preliminary to this localisation of the molecules by rotation pho^tgraphs, 
two photographs were taken, one of naphthalene about the direction [110] as 
rotation-axis and one of hydrated oxalic acid about the direction [111]* In 
both these cases the molecules (two per cell) are quite large and their relative 
positions are fixed by space-group considerations, the second molecule of 
naphthalene being at the middle of the (001) faoe and of oxalic acid at the middle 
of the cell Since, in a rotation photograph about the axis [t/vw], the reflection 
from a plane (AM) lies on the nth hyperbola when Au -1- Av + ho = n, it is dear 
that certain reflections will vanish from the odd hyperbole of these two rotation 
photographs simply on account of the ordinary space-group halvings. This 
circumstance naturally makes the odd hyperbole weaker than the even, bat 
the observed weakening is greater than can be ascribed to this cause alone 
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There is a further general weakening of the odd hyperbola) with respect bo the 
even on aocount of the primitive translation parallel to the rotation-axis being 
approximately halved by tho second molecule of the cell This effect is only 
approximate because of the different orientations of the two molecules, but lb 
often affords a convement method far making a rapid survey of the relative 
positions of complex organic molecules iu a crystallographic umt The more 
the molecule which subdivides the primitive-translation parallel to the rotation- 
axis resembles the two molecules which are connected by the primitive transla¬ 
tion, the more complete is the obliteration of certain hyperbola) From tins 
point of view we can state a simple principle which can be of use for determining 
the approximate symmetry of an asymmetric organic molecule When a 
molecule almost completely subdivides the primitive translation parallel to the 
rotation- axis, it possesses approximately that element of symmetry which is involved 
%n deriving it from the molecules at the ends of the primitive translation For 
instance, in a monociimc cell, we might find the c-axis almost completely halved 
by a “ reflection-molecule” (i e the odd hyperbole almost completely 
obliterated), in which case we may conclude that the molecules arc approxi¬ 
mately symmetrical about the (010) plane. 

The acetyl acetones afford very good examples of this weakening of certain 
hyperbola) by molecules actually or approximately m special positions The 
following rotation-photographs were taken ’—a -acelylacetones —1 a-axis— 
normal 2. 6-axis— normal 3 o-axis—marked weakening of odd hyperbole 
4 fllOj—slight weakening of odd hyperbole 5. [II}]—odd hyperbole very 
weak; of the even hyperbole, the fourth and eighth are rather stronger than 
the second and sixth. fi-acetylaceUmes. —1. a-axis - normal 2 6-axis— 
normal. 3 c-axia—marked weakening of odd hyperbol®. 4. [110]—weakening 
of odd hyperbol® 5. [Oil]—normal. 6 [101]—normal. 7. [Ill]—weakening 
of odd hyperbol® y- acelylacetones .—1. u-axis—very pronounced weaken¬ 
ing of odd hyperbol®. 2 6-axis—normal 3 c-axis—odd hyperbole almost 
completely obliterated, second, sixth and tenth hyperbole weak, fourth 
eighth and twelfth hyperbol® strong 4 [{ 10J—similar features to 3 
5. [10}]—fourth and eighth, etc., hyperbole strong, others weak except 
tenth. 

It cap be readily seen from these results how the general arrangement of 
molecules in the three types of ter valent metallic acetylace tones must conform 
approximately to figs 3 a, b and c. As mentioned above, these observations 
are in agreement with the conclusions to be drawn from the habit of the crystals, 
Similar conclusions may also be drawn, of course, from the lists of reflections 
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observed on the oscillation photographs. For instance, we no hoe for the 
y-aoetylaoetones that (a) there are 58 v.a . and a. planes which intersect the 
c-aadfl ; of these 37 have l a multiple of 4, 14 have l a multiple of 2 but not of 4, 
while only 7 have l odd, and (b) not oounting the planes (hko), which are 
naturally halved when h is odd, there are 51 v a. and a planes which intersect 
the a-ans, and of these 41 have A even and 10 have A odd. In other words, 
the y-struoture behaves approximately as though the cell were one-eighth its 
actual size 

It is an interesting point that the relative intensities of reflection are 
practically the same for different members of the same group. For instance, a 
rotation photograph of aluminium at-ace ty lace tone showed no marked differences 
from a corresponding photograph of gallium a-acetylacetone The reason for 
this appears to lie in the fact that the molecular weights of these compounds 
are bo high that the effect of the central metallic atom, even though in the case 
cited we pass from A1 (27) to Ga (70), is a relatively subsidiary one. 

Crystal Class 

There ib considerable difficulty in adducing direct evidence for the respective 
crystal classes of the acetyl ace tones Only indirect or negative arguments 
can be used, but on the whole these support the weightiest consideration, that 
there is an overwhelming mass of chemical evidence that compounds of the 
sixfold co-ordination type are based on octahedral symmetry. Those con¬ 
taining three chelate groups, being degenerated to the sixfold symmetry of 
the quartz class, must also be enantiomorphous. 

o t-acetylaoetoncs —The X-ray halvmgB indicate holohedral symmetry, space- 
group C w 6 This agrees with the etched figures produced by the action of 
acetone on the (001) face of aluminium a - ace ty lace tone (fig. 4 a). These consist 
of triangular pyramidal pits with a plane of symmetry parallel to the (010) face. 
The crystal habit is not in disagreement, and no optical activity has been 
observed m solutions of single crystals. Neither was any pyro-electno effect 
observed with sulphur and red lead. We may fairly conclude, then, that the 
a- acety lace tones are monodime prismatic, space-group C u 6 . 

fi-acetylacetones —The X-ray halvings indicate either rhombic pyramidal 
symmetry, space-group C h 7 , (100) plane of symmetry absent, or rhombic 
bipyrauudal symmetry, apace-group Q^ u The habit is non-committal. The 
etched figures, too, produced by acetone on {001} of indium p-aoety lace tone, 
are indecisive (fig. 4 b), being greatly elongated parallel to {010}. It u difficult 
to say whether the two ends are really alike, though, with regard to angles the 
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figures appeared to correspond to the natural habit, {010}+ (HO) Neither 
optical activity nor pyto-electricity waa detected If the space-group were 



(01 Of (KM) * (100) 
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Q fc 1J , the observed positions of the molecules would require them to be sym¬ 
metrical about (100), In view of the absence of really conclusive evidence that 
the crystals are bipyramidal, chemistry demands that wo should reject this 
possibility and conclude that the (3-acetyl ace tones are rhombic-pyramidal, 
space-group C„ 7 , (100) plane of symmetry absent 

y -oc&ylaoetoneA —The X-ray halvings correspond to either rhombic pyramidal 
symmetry, space-group C+® (010) plane of symmetry absent, or to rhombic 
bipyramidal symmetry, space-group The habit again ib non-committal. 

On the other hand, etched figures were obtained by the action of acetone on 
{001} of the crystal of gallium Y‘ acet y^ acet o ne mentioned above. These 
(fig. 4c) were definitely unsymmetncal about the plane (010) Pyro-electricity 
waa not detected in the few small crystals of ferric Y'^etylacetono available, 
but we must conclude that, like the p-acefcylacetoneB, the y-acety lace tones are 
also rhombic pyramidal, though of space-group C+ 9 , with the (010) plane of 
symmetry absent. If Q* 1 * were the true space-group, the molecules, in order 
to he in the positions observed, would each have to be symmetrical about the 
plane (010). 

The difficulty of determining by ordinary crystallographic methods the true 
crystal classes of the acetylace tones recalls a similar phenomenon encountered 
by Jaeger,* also with compounds containing three ahelate groups Though 
many of the crystals described by Jaeger give intensely optically active solu¬ 
tions, yet to ordinary crystallographic tests they appear perfectly holosymmetnc. 
It is possible that both his crystals and those described in this paper would 


* F. M. Jaeger, 1 Reo. d, Tnv. Chlm. d. P.B vol 38. 









460 W. T. Astbury. 

yield evidence oi pyro- and piezo-electric properties if they were tested by means 
of amplifying valves * 

Crystal Structure 

From the combined crystallographic and X-ray evidence we have concluded 
above that all three types of tervalent acetylacetones are built up of closely 
related unit cells with a similar molecular distribution The ot-cell is practically 
a monoclinic distortion of the [J-cell, which in turn is about one quarter of the 
y-cell The molecules in the cx- and p-units he at or near the centres of the 
(001) faces and the mid-points of the c-edges, while from this arrangement the 
y-form is obtained simply by doubling the a- and c-edges. The difference 
between the three forms thus lies in a difference of molecular orientation 
Apparently the molecules are effectively asymmetric in all three formB, since 
none of the sixfold symmetry of the i( free ” molecule ib used in the crystal 
structure. Hence, referring once more to figs 3 a, b and C, we have for the 
ai-form (fig. 3 a) '—Molecule 2 is obtained from 1 by reflection in the symmetry 
plane (010) followed by a translation of c/2 , 3 (or 4) is obtained from 1 by 
rotation about a dyad axis parallel to b followed by a translation of bj2 , while 
4 (or 3) follows from 3 (or 4) as does 2 from 1. For the $-form (fig. 3»), we 
have :—2 ib obtained from 1 by reflection m a plane parallel to (001), 4 from 1 
by reflection in a plane parallel to (010) followed by a translation of (a/2 + c/2), 
while 3 follows from 4 as doeB 2 from 1. (N.B, —Since the observed “ halvings " 
may be considered either aB (h + l) odd or (l 4- h) odd, there are two ways oi 
setting up C* 7 . One of them (symmetry plane parallel to (001) absent) ia not 
possible with the observed distribution of molecules, unless these latter are 
plano-Bymmetrical and “ associated ” in pairs. For the y-form (fig, 3c), we 
have:—Either 11 or IB is derived from 1 by reflection in a plane parallel to 
(100) followed by a translation of (&/2 + cj 2), one of the molecules 5, 0, 7 or 8 
is derived from 1 by reflection in a plane parallel to (001) followed by a trans¬ 
lation of a/2, while a similar operation connects 11 or 16 with another molecule 
inside the cell. There stall remain twelve molecules in excess of the four required 
to produce the class symmetry These twelve must be considered to be asso¬ 
ciated with the other four bo as to complete four sets, each set consisting of 
four chemical molecules and being related bo the other three sets by the 
symmetry operations outlined above for the y-form. In other words, the 
“ crystal molecule/ 1 instead of corresponding to one chemical molecule (as in 
the a- and ^-acetylacetones and, indeed, m most other cases that have been 

* R. Lucas, 1 C. R ,’ voL 176, p. 18B0 (1934). 
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investigated), correspond 8 in tie y-acety lace tones to four " associated " 
chemical molecules The distribution of molecules and symmetry elements 
in the space-groups C^ 5 , C^ 7 and C to B may be seen at a glance in figs, 14, 22 
and 24 of the space-group diagrams mentioned above (Astbury and Yardley) 

From these considerations we may now proceed to a more detailed discussion 
of the three structures This is rather a forbidding task in view of the com¬ 
plexity of the molecules, but it will be Been that a certain amount of information 
can still be gleaned from a critical examination of the experimental data. For 
instance, though the centres of the molecules are arranged on a pseudo-hexagonal 
basis, it is clear from the Laue photographs that the similarity extends no 
farther and that the structures as a whole are not in the least of a hexagonal 
or a trigonal nature. This means that the triad axis (and a similar remark 
applies to the three dyad axes), which one might expect in the " free ” molecule, 
has been rejected in building up the crystal symmetry The molecules are 
orientated in such a way as to render ineffective the pseudo-hexagonal arrange¬ 
ment of their centres Again, if we look at the respective dimensions of the 
three cells shown in fig. 3, we see that the molecules are spaced along the c-axea 
all at the same distance, about 8 15 A.U or a little over, a dimension which 
occurs again m the a-axis of the (J-fonn. This, then, is approximately the 
maxim um “diameter” of the molecule* in fact, the general impression we 
gain from these dimensions ib of a molecule which may be rotated about ita 
maximum diameter into various positions and yet always requires a 11 domain ” 
of space of about the same size and shape when packed in a similar manner with 
other molecules of its kind. In other words, the structures are built up of 
rounded molecules, without projecting arms, which might interlace. In 
support of this inference, we may also cite the very good cleavage which 
occurs in the p- and y forms and the case with which all three forms may be 
crumbled. 

A molecule which will satisfy these conditions is at once afforded by the 
ordinary chemical conception of three chelate groups arranged octahedrally 
around a central atom Such an arrangement would have a maximum diameter 
of the order observed (8 2 A U ), with the same dimension occurring in a direction 
at right angles to it (cf p-form, fig, 3 b), and with other equatorial dimensions 
not very much different, when we allow for the fact that it la only the Unear 
skeleton of the molecule which has more or less true octahedral dimensions, 
and that there are forty-two atoms strung, so to speak, on this framework. This 
molecule is represented diagrammatioally in fig 5 It fits in very well indeed 
with the results of X-ray and crystallographic observation, and, as we shall see 
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below, serves to explain and oo-ordinate the mam features of this remarkable 
case of lsotrimorphiim The three forms will he dealt with in torn. 



Flo. 5 

a -/orm.— It is not possible to form any precise ideas about this structure. 
One of the maximum diameters (AB, fig. 5) is apparently directed along the 
0 -ans, while the 6-axis is occupied by one of the smaller dimensions such as 
CD or DF. It is probable that the molecules 3 and 4 (fig 3 a) are not exactly 
at the centres of the (001) face and cell respectively, but are displaced something 
less than one-quarter the height of the cell This conclusion is derived from the 
facts that (a) there is no cleavage and (6) the rotation photographs about the 
axes [110] and [11^] indicate a displacement of between 0 and c/4 from the 
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symmetrical portions The aspect of the (010) face of such a structure is shown 
diagrammatically iD fig 6 The two molecules in the body of the cell lie in a 
plane b/2 above or below the plane of the other molecules It should be remem¬ 
bered that the molecules m these diagrams are, for convenience, drawn with 
the full symmetry of the chemical molecule outlined in fig 5. Actually, they 
must not be quite so symmetrical as that or even quite so symmetrically disposed 
aa the diagrams represent, but the distortions involved are not large 

p-/orm —The nature of this structure appears to be quite clear, We have now 
a maximum diameter lying along both the a- and c-axes, with the molecules 
approximately in symmetrical positions Figs 7 a and B Bhnw the aspect of the 
(001) face, a representing the upper layer (molecules 1 and 3, fig 3fi), and n the 
lower layer (molecules 2 and 4). Between these two layers we should expect a 
good cleavage, and, in fact, experiment shows that this good cleavage actually 
exists But the most remarkable confirmation of this structure arises out of the 
accidental halving of the form (010). We can see at once from fig 7 how this 
halving is brought about We know that the rotation of a molecule about an 
axis of symmetry followed by a translation along that axis causes an abnormal 
spacing to be observed by X-rays for the plane perpendicular to the axis 
In the p-acetylacetones, molecule 3 can be obtained from 1 (and molecule 4 
from 2) by a rotation about a dyad-axis parallel to a, followed by a translation 
of a/2 ; but because the molecule consists of three equivalent chelate groups, the 
same transformation can be achieved by a rotation through 90° about the 
b-axie, followed by a translation of b/2 This operation will halve the spacing 
of (010) Experiment shows that, in addition to the usual halvings of C H 7 , 
the spacing of the form {010} is completely halved in the p-acetylaoetones. 
It should be noted, too, that the Btruoture proposed agrees with the Laue 
photograph in that it is not pseudo-hexagonal 

A\ Ai AA, 
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Y'/ww.—The y-form is closely related to the p-form de sen bed above While 
we have once more a maximum diameter lying along the o-axis, the a-axis is 
now occupied by one of the smaller diameters This gives rise to some arrange¬ 
ment such as is shown in lig 8, which represents diagrammatically the aspect 
of the (001) face In this figure it is assumed that molecules B and 15 are 
obtained from 1 by reflection and molecule 10 by rotation, that is, four levels 
are shown m the same diagram Of course, as mentioned above, this is only 
one possible arrangement, but all illustrate the points that now, since the 
molecules have been rotated through 90° from the p-position, the a-dimension 
is less and a good cleavage on (010) is possible. This cleavage actually exists 
in the y-form The (001) cleavage is also still possible, but for some reason it 
does not occur. Possibly, this absence is connected with the 11 association *’ of 
the molecules In any case, it is not remarkable, since cleavage is in general 
a relative property, occurring only at the weakest junction. It is not possible 
to say anything very reliable about the orientations of the remaining twelve 
molecules of the cell. They ore " associated ” with the other four so as to 
form four sets, and their relative positions appear to be quite definite, but of 
the nature of the fourfold association we can as yet say nothing Possibly, since 
the (001) cleavage is absent, the sets of four lie each in planes parallel to (010), 
which is a good cleavage. One experimental observation is worthy of emphasis, 
and that is that the (001) spacing is not merely halved, as the space-group 
requires, but actually quartered , without any trace of intermediate orders. This 
suggests that the arrangement shown in fig. 8 is the right one, for inspection of 
that figure reveals a characteristic similar to the one already observed for the 
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(J-form. Owing to the peculiar shape of the molocule we see that molecule 10 
can be obtained from 1 not only by a rotation about a dyad-axis parallel to 6, 
followed by a translation of 6/2, but also by a rotation about a dyad-ana 
parallel to c, followed by a translation of cji —Such a combination would un¬ 
doubtedly quarter the (001) spacing, for a similar effect will also bo produced by 
molecule 8, which is the reflection of 1 in a plane parallel to (001) This agree¬ 
ment seems to be more than accidental It is a direct inference from (1) the 
observed molecular distribution and (2) the chelate grouping deduced from 
chemical considerations that a true quartering of the (001) spacing may be 
expected from certain structural combinations of the molecules, and, as in the 
P-acetylacetones, experiment shows this abnormal spacing actually to exist. 
There seems little doubt that the mam characteristics of the lsotnmorphism of 
the tervaJent metallic acetyl ace bones are substantially m accordance with the 
scheme outlined above 


Addendum, 

By Gilbert T. Morgan. 

In an investigation of the co-ordination compounds of vanadium published 
thirteen years ago (Morgan and Moss, 'Trans. Chem Boo, 1 vol 103, p. 81, 
(1913)), stress was laid on the relationship between the number and spatial 
distribution of associating units round a central metallic atom and the formation 
of a stable co-ordination complex. 

The case of metallo-pdiketones was examined from this view-point and 
several new vanadium compounds of tkn type were then described. This study 
was extended as occasion offered to ace ty lace tones of other tervalent metals, 
and the remarkable stability of scandium acetylacetonc at high temperatures 
was demonstrated by distilling the compound unchanged under reduced 
pressure ('Trans. Chem. Soc vol. 105, p. 197, (1914)) 

More recently gallium acetylacetone has been described (Morgan and Diew, 
loo ciL) and compared with the acetyl acetones of aluminium and indium Here 
again the three compounds showed considerable stability, although the tendency 
to decompose on sublimation increased with the rise in atomic weight of the 
central metallic atom 

The non-ionised character of the metallo- (i-diketones and their solubility 
in organic media indicate plainly that these (substances are not be be regarded 
simply as metallic salts of organic acids On the contrary, they are interna] 
metallic complexes of unitary type with the central metallic atom so closely 
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implicated in the organic radicals of the molecule that the metellio etom no 
longer hoe those properties of its km whioh ere employed for the detection 
of the ion in qualitative analysis. Moreover, in the case of metals having 
coloured compounds, the oolouxs of the aoetylacetone derivatives are often 
quite different from those of the ordinary salts of these metals. 

In order to account for the exceptional properties of the acetylacetones of the 
metals other than alkali metals, it was assumed that the univalent aoetylacetone 
radical, CjI^O,, was a chelate group functioning in co-ordination complexes as 
a twofold associating unit (1) 

yC(CH) B 0- 
CH V 

ND (CH*) 0— 

I 


This formula was, however, regarded as a dynamic one similar to the £ekul6 
conception of the benzene ring, so that in the heterocyabc ring completed by 
implication of the central metallic atom (M) there was an oscillation between 
the two extreme positions 11 and HI, 


CH 


y>C(CH B ) 0\ 
\c (CH,). 0'-'' 


IL 


ch /C(CH.) °\ 

N:(OHJ o/ 

III 


M 


As a result of this rearrangement the two limbs of the chelate group become 
identical and the nng system has a plane of symmetry which can be tested 
for by X-ray analysis 

Moreover, the stability of these metallic ace tylace tones of tor valent metals 
has been ascribed to the octahedral distribution of the three chelate groups 
(six associating units) round the central metallic atom (Morgan and Moss, 
loc . oU ) 

These two assumptions in regard bo the structure of the aoetylacetone radical 
and to the symmetrical arrangement of three of these chelate groups round a 
central tervalent metallic atom have now been confirmed by the detailed X-ray 
analysis described in the present communication. 


Summary. 

1. Ten tervalent metallic acetylacetones have been examined by X-rays with 
a view to determining their crystal structures and the nature of the remarkable 
isotnmorphism which they collectively exhibit. Of the a-(monoolinio) form 
were examined the acetylacetones of aluminium, chromium, manganese, cobalt 
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and gallium , of the p-(orthorhombic) form, scandium, gallium and indium, 
of the y-(orthorhombio) form, iron and gallium. A single crystal of gallium 
y-scetyl acetone has been observed for the first time. 

2. By means of the spectrometer and photographic methods it has been shown 
that the «-ace ty lace tones are monodmic-pmmatio, space-group C w fl , the 
P-aoetylacetones are rhombic-pyramidal, space-group C w 7 , and the y-acetyl- 
aoetones are rhombic-pyramidal, space-group C U B The ot-form contains four 
chemical molecules per unit cell, the p-fonn four, and the y-form sixteen. 
In the y-form the molecules appear to be associated in four groups of four 
chemical molecules each. 

3. The positions of the molecules in the three forms have been determined 
by a study of the intensity distribution in a series of rotation photographs 
about various crystallographic axes 

4 Several of the crystals have been examined for etched figures, pyro¬ 
electricity and optical activity, 

6. In spite of external appearance, none of the three forms ib pseudo-hexagonal 

6. By means of the molecule that has been deduced from ohemical considera¬ 
tions, the relation between the three forms and the nature of the lsotnmorphifim 
is explained and the main outlines of the three structures sketched. 

7 An addendum, from the chemjcal point of view, has been contributed 
by Professor G T Morgan 

The writer wishes once more to thank Sir William Bragg for his unfailing 
kindness and encouragement and the Managers of the Davy Faraday Labora¬ 
tory for affording the facilities for carrying out the work. This was made 
possible by a grant from the Department of Scientific and Industrial Research 
He is indebted also to Prof. G T. Morgan for supplying the crystals used and for 
much chemical information, and to Mr J D. Bernal, of this laboratory, for 
the use (before publication) of his rotation-chart and the calculations connected 
with it. 
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Change of Crystal Structure of Some Salts when Crystallised from 
Silicic Acid Gel- The Structure of Silicic Acid Gel 
By H. A. Fells, B Sc , A I C , and J B Firth, D Sc , F I C 

(Communicated by Prof F S Kipping, K R8 —Received May 17, 1920 ) 
(Plat as 1C and 17 ) 

In a paper, M Liquid Diffusion Applied to Analysis/' read before the Royal 
Society in 1861, Graham describes the diffusion of salts through membranes 
and gels Crystallisation from gela has, however, only been developed within 
reoent years 

The growth of ‘‘Rhythmic Bands/' so extensively studied by Licsegaug,* 
has been suggested as an explanation of many natural formations in the earths 
Croat, whilst HaUchekf and otheraj applied the results of Laesegang to explain 
gel structure Hatschek and SmionB§ showed that gold could be obtained in 
crystal form, when gold chloride is reduced m the presence of silicic acid gel, 
the gold being deposited either in the gel, ut the surface of the gel, or in both 
positions, according to the osmotic relationship of the solution and the gel 

For certain experiments in another research the authors desired to prepare 
Billeie acid gels impregnated with various substances. These substances are 
introduced in many cases as soluble compounds by dissolving tho desired sub¬ 
stance in either the sodium silicate solution or the acid, prior to mixing. The 
added substance decomposes on strongly heating, leaving the desired residue 
evenly distributed throughout the gel. Under such circumstances, owing to 
the solubility of the added substance, it was impossible to follow the usual 
procedure of washing out the sodium chloride before heating Gels were 
therefore prepared and carefully dried without previous extraction of the 
sodium salt In carrying out this process the sodium chloride separated out 
at the surface of the gel, audit was found that the crystal habit was materially 
changed In order to determine to what extent tins phenomenon was 
characteristic of crystal formation from silicic acid gel, the experiments were 

* 'Ann Physik/ vol 10, p. 305 (1006), 1 Z. anorg Chora val, 48, p 304(1000), 

1 Z Chem Tnd. Koll,' vol. 12, p. 74 (1013), and vol. 14, p 31 (1014). 

| * Z Chem Ind Roll / vol. 10, p. 124 (1012); ' Roll, Z / vol, 14, p 115(1014) 

t Holmes, 1 J Am Chem. Sac.,’ vol 40, p 11B7 (1018), Bradford, ‘Science/ vol 
M, p 463 (1021), 1 Biochem J./ vol. 11, p. 14 (1017). 

\ ' Zmfc Chem Ind. Koll / vol 10, p 265(1012) 
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extended to other salts, and the results are described in the present 
communication 

Experimental 

Specially and freshly prepared sodium silicate was used, free from iron and 
carbon dioxide The composition of the sodium silicate was approximately 
one part of Na a O to two parts HiO a Pure audfj were used throughout, and 
the acids used were hydrochloric, hydrobroinic, hydriodic, and nitric acids 
respectively Gels were prepared at 18° C, by mixing equal volumes of 3N 
acid and sodium silicate solution of density 1-113, A portion of the resulting 
gel was then transferred to a watch glass and slowly dried in vacuo t in a desic¬ 
cator containing calcium chloride As the gel dried, the surface of the gel 
became covered with a mass of very fine crystal-like needles, whiL-h, as the 
drying proceeded, increased in size until eventually the product resembled a 
ball of fluff with a hard silica core 

The needles thus obtained were then subjected to microscopic examination 
and the features observed are herein described 

The Chloride and Nitrate of Sodium 

The general appearance of the sodium chloride needles is shown in the micro¬ 
photograph, fig, 1 Fig 2 shows the ordinary cubic form obtained from a 
solution of the needles with one or two needles Fig 3 is a mioro-photograph 
of the sodium nitrate needles. 

These two salts need not be separately considered since they possess the 
same general characters Ordinarily sodium chloride crystallises in oubes, 
though sometimes in the octahedral form, whilst sodium nitrate crystallises in 
rhombohedra 

Habit - The crystals are all fibrous in habit and most of them are blades. 
The variation m size is considerable, those being formed first having an average 
width of 0 25 mm , the later ones are much finer, having an average width of 
0- 01 mm or less Generally the fibres arc straight, but they are flexible, since 
they can be bent in mounting , they arc also somewhat elastic In some cases 
(fig 9a) they show abrupt bends, but these are not produced mechanically and 
show no sign of strain. They seem to be duo to changes m the direction of 
growth owing to changes in the surface of the gel in drying, and the inability 
of the fibres to adapt themselves to it owing to overcrowding 

Optical Properties .■—The crystals are all sensibly isotropic and indicate cubic 
crystals Indications of very faint double refraction are met with in some 
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esses, gwiag very low grey oolocrs. 1h« double refraction is to small, however, 
that it is difficult to determine, KmetiDM evm with » seniitive violet plata. 
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An X-ray examination of the sodium chloride needles showed an internal 
structure of the cubic system. The crystals show cleavages both longitudinally 
and transversely, but the former is more commonly visible This cleavage is 
parallel to the cube and indicates that the needles axe elongated parallel to the 
cubic axis. (Cleavages are shown in fig. 96 ) The transverse gtn® are lines of 
inclusions, doubtless arranged on the lines of the transverse cleavage These 
minute inclusions appear to be bubbles (fig, 9c). 

The longitudinal structure presents no difficulty. They clearly resolve 
themselves into “ negative crystals." The larger are due to coalescence of the 
smaller; or in some cases at least to the development of a very large negative 
crystal. The general conditions are shown m the enlarged diagram (fig. flj). 
The capillary, of which only a portion is shown at" a," runs about half the length 
of the fibre. It is filled with liquid and contains gas bubbles. Smaller negative 
crystals ace shown at “ and some of these oontain gas bubble. These 
smaller negative crystals are the same shape as the fibres. This is, of course, 
a general and familiar phenomenon in crystals, such as quarts in granites and 
pegmatites. In the case of the fibres, we have not a true Capillary in the sense 
of a fine tube—there is no tubular growth, The cavities are bounded by crystal 
facet, and never penetrate to the exterior. 
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Sodium Bromide. 

The general appearance of the crystals is shown in microphotographs, 
figs. 4, 5 and 6 Figs 4 and 5 show clear needle9 and apparent capillary 
structure respectively The forms are exceedingly unstable, a slight alteration 
of temperature or even application of pressure being sufficient to change the 
glass-clear crystal into a mass of minutely crystalline material, causing the 
crystal to lose its transparency This change is shown in hg 6 

Habit — Besides a libre-like habit resembling the chloride and nitrate ]ust 
described, the sodium bromide has more commonly u stout prismatic habit, 
occasionally showing abrupt changein cross-sectional dimensions (fig, 9e). 

OptuxU Properties — The crystals show a moderate refimgeuce and a weak 
birefringence Tartial uniaxial interference figures were obtained in some 
prisms, very oblique to the optic axis The prisms appeared to be six-sided, and 
the evidence favours the hexagonal system Ordinary sodium bromide belongs 
to the rhombic system. The prisms are elongated parallel to the principal axis 
and show a perfect basal cleavage, which appears as transverse atriations on the 
faces of the larger prisms Inclusions are much less common than in the 
chloride or nitrate, but negative crystals (fig, 9e) are present sometimes, giving 
an appearance of a capillary structure when much elongated. 

Sodium Iodide. 

Similar m general appearance to the fibres previously described, but changed 
to an opaque form too rapidly to allow microscopic investigations. 

Further Experiments. 

(a) A purified silicic aad gel containing 7 per cent, water was impregnated 
with a strong sulutum of potassium iodide and the resulting gel dried as before. 
After several days, the gel was covered with fine silky fibres very much dis¬ 
torted (fig 7), but otherwise very similar to the fibres previously described, 

(&) 10 oc. of toluidine was jiutt dissolved in concentrated hydrochloric acid 
and added to 50 c l of 3N hydrochloric acid. To the resulting solution, 50 e.c, 
of. the sodium silicate solution was added. The gel obtained was then dried 
os before, The first crystals to form on the surface were the ordinary plate 
crystals of tolujdine hydrochloride , as the drying continued the plates tfere 
lifted from the surface gel, and needle-like formation appeared. Analysis of 
these needles at various stages of the drying of the gel showed that the needles 
first formed were mainly toluidine hydrochloride associated with a little 

TOL. CM.—X. I 1 
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sodium chloride, whilst finally the needles were mainly sodium i blonde. This- 
is illustrated by the following results - 

( l ) First crop of needles . 85-5 per cent toliudino hydrochloride, 

14 5 per cent sodium chloride 

(n) Sec ond crop of needles 74 7 per cent toluidme hydrochloride, 

J5'Ii per cent sodium chloride 

(m) Tlurd crop of needles M 7 per cent toluidme hydrochloride 

57 3 per cent sodium chloride 

The formation is shown in micro]lhotogjitph hg 8 Aniline hydrochloride 
gave a similar result 

(r) A 0 5 N solution of tartaric acid was mixed with an equal volume of a 
solution of sodium silicate (Al 17) aud allowed to set The resulting gel was 
then allowed to stand exposed to the atmosphere at room temperature . after 
four days small regular prisms of sodium tartrate separated out in the body of 
the gel No distortion of crystal habit was detected 

Ducu^snoH 

Ju our opinion the fundamental importance of the results of the experi¬ 
ments herrin described does not lie so murh with the new' features of crystal 
habit of the various salts descnhcd, but with tile reason that the salts all tend 
to change their habit and assume a new one, common to ull of them 

Generally speaking, no matter what the crystal habit may be under ordinaly 
conditions cubic in the case of sodium chloride, rhombic in the case of sodium 
bromide and nitrate, or distorted plates ill the eases of aniline and toluidme 
hydrochloride—all the Hubstances assume a blade-hke or fibre-like structure, 
The photographs and diagrams all show* similar features for the various sub¬ 
stances, and we are of the opinion that the mam features of the changes are duo 
to the same causes—the influence of the gelation of the silic ie acid, and the 
structure of the gel so formed. 

Tin crystallisation of a substance from solution involves the concentration 
of tlic molecules about certain points or centres of crystallisation, and in the 
cases considered in this paper these centres appear to be at the surface of the 
gel It has been suggested by the authors m a previous paper* that these 
centres of crystallisation are at the open ends of capillaries or pores of the gel. 
It was suggested that the solution exudes from the pores of the gel, evaporation 
of the w ater takes place immediately, causing the salt to crystallise just at the 
* ‘ J Phyi'Chem-,’ vol Ml, p. 241 (1923). 
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open end of the pore. As the gel further dried it contracted, with the result 
that a continuous deposition of salt took place from the pore, leaving a long 
fibre-like structure protruding from the gel surface This view is further sup¬ 
ported by the fact that the later formed " crystals ” arc much hner or smaller 
m cross-section than those first formed, the pores themselves being much 
smaller owing to contraction of the gel. 

Arsen* in a contribution on gel structure states that if the conditions favour¬ 
able to proper crystallisation arc departed from, there jb a tendency towards 
irregular arrangements forming the lattice, and irregular-shaped crystals result 
Often mother liquor is imluded The inclusion of water in a crystal is some 
evidence of departure from the regular, close-packed arrangement of atoms, 
whiLh is characteristic of a normal lattice A crystal containing included 
liquid may contain a certain proportion of gel structure 

Tabor,f in attempting to account for the cross-fibre veins of fibrous minerals, 
expresses the view that the original fineness of the fibre is dependent on the pore- 
spacing of the country rntli and that crystallisation commences at each pore, 
the fibres elongating therefrom in the direction from which material is accessible 
He also states that the growth of the fibres follows the movement of the surface 
from which they protrude Sudden changes in the direction of the fibres and 
gradual bending are thus a record of the movement of this surface 

It will be observed that the above view is in accordance with our results, the 
idea of pore structure being responsible for the change of crystal habit is main¬ 
tained, and, further, the view that bent crystals are due to movement of the 
surface of crystal growth is also substantiated 

Again, Kraus, J referring to the tiechhold capillary phenomenon, states that 
salts concentrate at the surface of porous bodies when evaporation is allowed 
to take place, and the dissolved substance tends to move towards the end of a 
capillary which is losing solvent 

In our experiments (with the exception of the internal crystallisation of 
sodium tartrate) crystallisation was associated w'lth loas of solvent No 
crystallisation took place when the gel was allowed to stand in a moist atmo¬ 
sphere, even though under surh conditions the firmness of the gel materially 
increased —i e , the crystallisation was associated with loss of solvent. The 
loss of solvent took place at definite points on the surface—namely, the open 

* 1 Phjs Them vol 30, p. 306 (1020) 
t Proc Nat Acad Scl / vol 2, p 560(1916). 
x ' Kolb Z.,’ vol 29, p 161(1921). 
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end of pores—which resulted in a concentration of the salt at these points 
followed by crystallisation, 

In conclusion, the authors are of the opinion that the results recorded in the 
present contribution lend support (rt) to the view of capillary structure of silicic 
acid gel F (6) that the change of crystal habit, whereby fibre-hke crystals are 
produced, indie ate b Balt concentration at. the pore a , the porcB become centres 
of crystal growth, and the growth of the crystal is controlled by the continuous 
accumulation of salt at the •pore 

The authors are indebted to Sir W Bragg, F.R S , for making an X-ray 
examination of the eodium chloride crystals, and to I)r W A Richardson for his 
assistance in the microscopical examination of the crystals. One of us (H A.F.) 
is also indebted to the Department of Scientific and Industrial Research for a 
grant which enabled him to take part in this work 


Studies upon Catalytic Combustion--Part III The Influence of 
Steam upon the Catalytic Combustion of Carbonic Oxide 

By William A Bonjc, I) Sc , FRS 
(Received July 23. 1926 ) 

Introduction 

In connection with the researches upon catalytic combustion conducted in 
my laboratories for some years past, a great deal of attention has been paid to 
the experimental investigation of the important question of whether or no the 
presence of moisture has any sjK'cific influence upon the catalytic combustion 
of carbonic oxide The present paper embudies the principal results of our 
investigations up to date They were begun m 1908 at the University of Leeds, 
in collaboration with the Iwm Gas Research Fellows—Mr A Forshaw, M Sc , 
and Dr H Hartley—as well as with Mr A. Applcyard, B.Bc , and have been 
completed at the Imperial College of Science and Technology, London, with 
the collaboration of the late W. A Haword, M.Sc , Mr. S Robson, B.Sc , 
A. Whitaker, B.Sc , and Prof D ft Chamberlin, of Lehigh University. US A , 
who recently spent a " sabbatical year ” working with us 
The difficult nature of the experimental work involved operations demanding 
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the utmost care, great attention to details, and unusual skill on tlie part of my 
collaborators The surfaces experimented with were porous porcelain, the 
oxides of copper and nickel, gold and silver And, m view of the importance 
of the results in connection with the theoretical aspects of the subject, many 
independent repetitions of the experiments were made at various times to 
ensure their complete confirmation In the caHo of a very porous surface, 
such as fireclay or porous porcelain, it was ultimately found necessary tn extend 
a given experiment uninterruptedly day and night over three months, in 
order to ensure complete dryness of the system Indeed, not until the later 
stages of the research was it possible to view correctly and reconcile all the 
results 

To recount all the details and ramifications of the work would far outrun 
the limits of a single paper, and therefore no more than a general description of 
the experimental proredure and results will be attempted, except where details 
are essential to the understanding of them 

It may assist the reader to follow the story if at the outset it is explained 
that the results of the investigation as a whole have shown that the progressive 
drying out to completion of a system in which a mixture of carbonic oxide and 
oxygen is undergoing catalytic combustion at temperatures up to 500° C (and 
perhaps higher) may have three different consecpiences, one or more of which 
may be observed ill the case of any given surface, according to circumstances 
The immediate result of such a drying operation is to remove from the surface 
the film of H b O molecules which normally lags it to a greater or less extent, 
according to the physical conditions The removal of this " lagging/’ which 
by mechanical obstruction normally hinders the gases reaching the catalysing 
surface, increases its “effective area” and thereby its apparent catalysing 
power at a given temperature Such immediate result was most easily seen and 
demonstrated in the case of a very porous surface like porcelain, or of the 
oxides of copper and nickel, when the moisture film is very adherent and the 
removal of it “ by drying “ comparatively slow r Indeed, uiiIcbs an expeiiment 
extends over n long time, it is often the only effect of drying observable in such 
cases, and So is apt to be mistaken for what is the real effect of “ dryness ” upon 
the catalytic combustion, which becomes observable only during the last 
stages of the drying, when the amount of moisture remaining in the system 
has been reduced almost to vanishing point We ourselves were so misled during 
the earlier part of the research, when we found that the immediate effect of 
“ drying out “ such surfaces was to double their apparent catalysing power; 
and it was not until its later stages, after we had examined metal surfaces, 

2 k 2 
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that the truth of the matter was revealed It then became clear that the real 
effect of drying is to stop the catalytic combustion altogether, which was ho 
surprising that it took many repetitions of the experiments to convince us of 
its reality 

The rml effect of extreme drying upon the catalytic combustion was more 
easily proved with a metal surface such as gold or silver, where the aforesaid 
,f moisture film ” ih apparently very much more attenuated and less adherent 
than in the case of more porous surfaces Indeed, with such metal surfaces, 
the greater difficulty was to demonstrate the immediate rather than the real effect 
of drying, so attenuated normally is the hindering moisture film Such an 
experiment requires meticulous rare and attention to detail, especially m its 
penultimate stages , but, provided the drying arrangements are satisfactory, 
and the operation pushed far enough, the final and real effect of extreme dryneHH, 
which ih to stop the catalytic rombuation completely, can be demonstrated 

The criterion of such being the genuine effect is the fact that, after the 
reactivity of such a completely dried system at a given temperature has become 
zero, or nearly so, the re-introduction of a small amount of moisture not only 
immediately restarts the catalytic comhustion, but in (nurse of time completely 
restores its normal intensity, Moreover, a subsequent second complete drying 
out of the system will reduce things to a standstill again. We have satisfied 
ourselves that the alternating operations of rendering such a system unreactive 
by completely drying it, and restoring its normal activity by reintroducing 
moisture, can be repeated several times 

Besides the aforesaid two effects, m the case of a porous porcelain we have 
observed another one, namely, that a very prolonged drying apparently brings 
about a permanent disabling of the surface os a catalyst, presumably because of 
some structural change fiivvmg been induced in it, In order to demonstrate 
such effect, however, the experiment had to he carried on uninterruptedly for 
three months, so slowly are the final stages of the drying accomplished , but 
when nothing untoward occurred, the following series of changes in the system 
were deippnstrated, namely ‘ ( 1 ) a gradual increase, up to n certain maximum, 
in the reactivity, due to the dispersal of the aforesaid moisture film from the 
Burface, followed by (n) a continuous but very gradual decrease in the reactivity, 
which after some months was reduced to a relatively low \alue. At first we 
thought this denoted a suppression of reactivity of the system, by reason of its 
dryness merely, similar to that which we had observed in experiments with 
gold and silver surfaces, when restoration had quickly followed the reintroduc~ 
tion of water. But this did not prove to be the case with tho porcelayi surface, 
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because, on reintroducing water into the system, not only did no restoration of 
its reactivity occur but all subsequent attempts to effect it by other special 
treatments were entirely unavailing It therefore seemed aw though some 
structural change had occurred in the surface of the catalyst with the drying 
out of the system which had permanently impaired its activity This, how'ever, 
is a point for further investigation, which we propose returning to when 
circumstances permit 


Experimental 

A —EXFERIMKNTh SHOWING THE IMMEDIATE EFFECT OF DRYING OUT A 
System upon the Catalytic C'omruhtion 

The immediate effect of drying out a system is, hh we have found, to remove 
from the catalysing surface the him of moisture which normally lags it, more or 
leas according to the hygroscopic conditions This was discovered at an early 
stage of the research, when wc were experimenting with such highly porous 
surfaces as fireclay or the granular oxides of copper and nickel, which retain 
laat traces of moisture so tenaciously that it requires n very prolonged 
and efficient drying operation to render them anything like completely dry 
These experiments, most of which were carried out at the University of LcedB 
during the years 1908-10, will now be briefly described 

The " circulation method ” introduced by Bone and Wheeler and desenbed 
in Part I hereof (yv) was employed, suitable auxiliary appliances being 
included in the circuit as and when required (without altering the total volume 
of gas m the apparatus) for drying out the system The general arrangement 
of the apparatus is shown in fig J The surface, S, was contained in the hard- 
glasa reaction tube, AA, which was maintained at a constant temperature m a 
gas furnace, BB, the gas supply of which was so controlled by a thermostatic 
arrangement (not shown) that any fluctuation of temperature of 8 in the 
reaction tube did not exceed C on either side of the desired mean The 
ends of A A were drawn out and connected by special hard-to-soft fused glass 
joints, Oj and C a , and through the mercury-sealed taps, Dj and D f , with the 
rest of the circuit This comprised (i) suitable C0 S absorption vessels, E lP 
containing a solution of baryta water, which in the “ dry ” experiments were 
replaced by similar vessels, E a , containing pure concentrated sulphuric acid* , 

* The vessels Ej and E a , which were similar to those shown at E in the diagram on 
p. 465 of Part 1 hereof (' Proceedings,* vol 106, pp 466-476), are not reproduced here 
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(u) an automatic Sprengel circulating pump, F, duly protected from extraneous 
moisture by means of efficient drying trains ; (in) a mercury manometer, G , 
(iv) a side-tube, H, leaduig (through stop-cock, K) to an outside gas-holder, 
containing the expen mental 2C0 + 0 9 mixture , and (v) the spherical 
capacity vessel, M 

For the ‘‘dry ” experiments small vessels, and N a (inset), immersed in 
liquid aiT, were inserted in the circuit near the entrance and exit, respectively, 
of the reaction vessel, AA, as also was a tube, 0, filled with well-ignited calcium 
chloride, between the pump, F, and the manometer, G. The carbon dioxide 
formed during the catalytic combustion condensed in N B In the “moist” 
experiments a few cubic centimetres of distilled water were kept m the capacity 
vessel, M, the temperature of which was kept as nearly constant as possible ; 
in the “ dry " experiments this water was replaced by an equal volume of pure 
concentrated sulphuric and 

The sequence of the experiments was as follows First of all a senes of 
” moist ” experiments were carried out with the particular surface under 
examination, m which a 2C0 + 0 B mixture, saturated with water vapour at 
either 0° C or the room temperature (1B° to 20° C.), was circulated over the 
surface, which was maintained at a suitable constant reaction temperature, 
the carbon dioxide produced being absorbed by the baryta solution in E,. 
The experiments were continued until an absolutely steady rate of combination 
was established, as shown by the actual constancy of the velocity constant 


k L = j log ^J. Preparations 


were then immediately made for a senes of 


“ dry ” experiments All the glass parts of the apparatus were separately 
dried out in a current of i ulphunc-acid-dried hot air, the surface m the reaction 
vessel being also similarly dned out (at the experimental temperature) for 72 
hours continuously. The liquid air-cooled tubes N L and N, were inserted, E a 
substituted for E 1( and other necessary alterations made in the circuit, after 
which sulphune-acid-dned air was circulated through the whole system for 
about another day The whole apparatus was then rapidly evacuated through 
H by means of a Geiyk pump; a senes of sulphunc-ooid-dned 2C0 + 0| 
mixture were then successively introduced, and the rate of combination for 
the “dry” series re-determined, tubes N r and N t being kept immersed m 
liquid air throughout each successive experiment. The carbon dioxide formed 
in the reaction all condensed m and at the end of each experiment it 
was got rid of by removing the hquid-aii bath, closing tap Dp and opening 
a Bide-tube sealed in the connection near N a . Finally, after the conclusion 
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of the 11 dry 11 series, the apparatus was restored to its original form, and a 
second series of “ moist ” experiments run, so os to show that the original 
rate of combination for the undried system was restored Such an alternating 
series of “ moist" and 11 dry ” experiments were sometimes repeated several 
times, so as to place the results beyond all possible doubt 

The carboD monoxide used throughout the research was prepared by dropping 
pure strong sulphuric acid into warm formic acid, and bubbling the gas evolved 
through a strong solution of caustic potash . the oxygen was prepared by 
heating recrystallised potassium permanganate, and was similarly washed 
The experimental mixtures were made in glass gas-holders over either (a) a 
mixture of equal volumes of water and glycerine, for the ** moist ” experiments, 
or (6) pure strong sulphuric acid for the " dry ” ones Their compositions were 
always verified by analyses and adjusted so as to correspond exactly to 
2CO + O g 

The experimental results for the three surfaces under consideration (fireclay, 
and the granular oxides of copper and nickel) will now be tabulated, each 
experiment being numbered and dated in chronological order In the tables— 

T — the reaction temperature in degrees Centigrade 

0 — temperature of the gaseous mixture in the capacity vessel 

p = partial pressure in millimetres of water vapour in the reacting mixture 

P — pressure of the dry SCO + Og mixture. 

i — time in hours from the commencement of each experiment. 

hi =c the velocity constant = i log P 0 /P ( 

1, With a Refractory Firebrick Surface (T = 600° C ). 

The results of the following aeries of ben experiments with a surface composed 
of small, irregular pieces of a broken "Glenboig” firebrick may be taken as 
typical of the behaviour of a non-reducible porous refractory surface under tho 
“ moist" and “dry" conditions, respectively, already described The first 
two experiments (I and II) were made with a *' moist ” system (y> — 1 & and 
Lfl mm. respectively), and showed a mean velocity constant of k x = 0 098 
Then followed a group of “ dry M experiments (III to V), in which k x = 0*19. 
A second group of two “moist” experiments (VI and VII) gave = 0-10 
A second group of two “dry” experiments (VIII and IX) gave ^ = 0-175. 
and a final “ moist ” experiment (X) gave as nearly as possible the same it, 
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value (0'098) as was observed m the firet experiment, showing that the 
real catalysing power of the surface had remained constant throughout the 
series From analyses of the residual mixture at the end ol each experiment, 
it was established that no hydrogen had been liberated (ej, by possible 
CO + OH, — CO B + H a interaction) during its course, so that it may be 
taken for granted that only the catalytic combination 2CO + 0 2 — 2CO s had 
occurred 


First Group of " Moist ” Experiment* (T ~ 500°. 0 — 18 to 19" C ). 

Reacting Mixture, saturated with Moisture at 18 C1 C 
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The surface, as well as the whole apparatus, was thereupon subjected to a 
prolonged drying out, as already described 


First Group of “ Dry ” Experiments (T = 500°). 


Experiment 111 , 

19 5 10 

Expen mertfc IV 

23 r, 10 

Experiment V, 

23 B 10, 

i 

P 

I . 

1 

1 1 

i 

t 

! 

p 

*. 

l 

P 

*• 

Hra 

mm 


Hra 

mm. 


Hn 

min 


0 

36B 5 

— 

0 

407 7 

— 

0 

420 8 

_ 

1 

231-3 

0 2022 

1 

23D 8 

0 1957 

1 

267 2 

0 1070 

2 

153 6 

0-1000 

11 

191-8 

0-1872 

2 

172 0 

0 1942 


Mud k k * 0 190, 


Water was now reintroduced into the capacity vessel, M, 
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Second Group of “ Moist ” Experiment# (T = 500°. 0 — 20 to 22° C ) 


Reacting Mixture saturated with Moisture at 20 to 22° C. 


8 = 20 6° 

Exponmont VT 
29 9 10 

p = IB mm 

8 = 22 s Experiment VII 

26 fl 10. 

p = 10 6 mm 

t 

P 

*1 

t 

P. 


H n 

miu 


Hn 

mm 


0 

4fll '3 

1 — 

0 

477 0 

— 

1 

360 0 

| 0 1109 

1 

377 5 

0 1016 

3 

217 2 

1 0 1090 

3 

244 0 

0 0066 


Mean k l — 0 102 


System again dried out, as described. 


Second Group of “ Dry " Experiments (T — 500°) 


Experiment VIII 

30 JS 10 

Experiment IX. 

31 9.10 

t 

P 

*1 

t 

P. 


Hn 

mm 


Hn 

mm 


0 

300 2 

-- 

0 

283-9 

— 

1 

1B6 7 

0 184 

1 

181 S 

0 194 

2 

iao 2 

0 171 

2 

123-6 

0 LBO 


Hun -= 0 170 


Water was again reintroduced into the capacity vessel, M. 

Final “ Afow* M Experiment, 14/6/10 (T — 500° 0 — 20 7°. p => 18 mm ) 


0 

1 

3 

e 

Hn. 

442-4 

362 8 

224 0 

116 3 


— 

0 0983 

0 0086 

0 0067 

—■ 


Summary 

Mean k t In the 9 11 mout 11 experiment# -■ 0 100 
„ „ 5 “dry" „ -■ 0' 189 


Confirmatory Experiments (T = 000° G\) 

Another senes of 13 experiments made independently by Mr. A. Forshaw, 
with a similar fireclay surface at 600° C„ showed a still greater difference between 
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the apparent catalysing powers under “ moist ” and " dry ” conditions, 
respectively. Moreover, under “ moist ” conditions, a perceptible difference in 
the values was usually observed according as the reacting 2CO O a mixture 
was saturated with water vapour (a) at 17° to 2l c V (p — 14*5 to 18 5 mm ) 
or (b) at 0° C. (p = 4 , 6 mm), respectively, as the following summarised 
results indicate 


k v values obtained for the first hour in 



r~ 


A 


-n 


“ Moist " 

Expenmen ts 


“Dry” 

Experiments 


r 

_A_ 

'I 



(a) 0 = 

= 17 to 21° C. 

(6) 0 - 

= 0 ° c. 



p — 14 

• 5 to 18 5 mm 

p — 4 

■6 mm 



I 

. 0 0505 

IV . 

0 0503 

VIII 

0 156 

n 

0-0489 

V 

0-0550 

IX 

0-186 

hi 

0-0405 

VI . 

0-0524 

X . 

0 192 

VII 

0-0430 



XI 

0*180 

xnr 

0-0515 



XII 

0 174 

Mean 

= 0-04BO 

Mean 

- 0-062B 

Mean 

= 0-178 


N.B —The Roman numerals give the order m which the experiments were 
made. 


II. Experiments with Granular Nickel Oxide (T = 210°). 

Similar effects of drying were observed when a 2CO + 0 B mixture was circu¬ 
lated over a surface of granular nickel oxide at a temperature of 210° C , under 
which condition no permanent reduction of the surface occurred {vide Bone 
and Andrew, Part II hereof*) In these experiments, which were made by the 
late Mr. W A. Haward at the Imperial College of Science and Technology, 
London, during 1918-19, the general arrangements of the apparatus were 
similar to those previously adopted with the fireclay surface (q.v ), except 
that (i) a mixture of 1 part soda-lime with 3 parts quicklime, made into a paste 
with water and then dried, was substituted for the barium hydroxide solution 
as the CO| absorbent in the “ moist M experiments, and (n) tubes containing 
pure redistilled phosphoric anhydride were included in the circuit m the “ dry ” 

• 1 Proceeding*, 1 A, vol. 110, pp. 18-34 (1928) 
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experiment** The following Rurrimarised statement will sufficiently indicate 
the general character of the results obtained — 

Mean values of k L obtained in 


“ Moist ” 

Experiments. 

“ Dry ” 

Experiments. 

Q = 17° C 

p — 14 5 mm 



I 

0 0008 

II 

0 0119 

VIII 

0-0075 

III . 

0 ona 



IV 

. 0 0124 



V 

0 0125 



VI 

0 0125 



VII 

0-0118 

Mean 

-= 0 0070 

Mean 

- 0-0120 


III Experiments with Granular Copper Oxide (7 = 210° C) 

Similar results to the foregoing were obtained by Dr, Hartley with granular 
copper oxide at 210° C , though in order to demonstrate most clearly the effect 
of drying-out surfaces it was found necessary to exclude nitrogen (which is 
strongly adsorbed by Buch a surface) from the system, and to dry it out in a 
current of dry oxygen at the experimental temperature Also, in order best to 
ensure otherwise perfectly comparable conditions as between the 11 moist " 
and "dry” systems, immediately before each actual experiment the surface 
was heated in the reaction tube for three hours to 480 r C. in a stream of dry 
oxygen, after which the temperature was lowered to 210° for the experiment. 
In such circumstances the following three typical experiments were made, in 
the order givon — 

(1) T - 210 Q 0. working with a “ moist J> 2CO -f O a mixture and system 
saturated at 20° C k = 0 0215. 

(2) 7 = 210° C. working with a CaCl B -dned 200 + 0 B mixture after drying 
out the system as already described, k = 0*150, 

(3) 7 — 210° C. with a 11 moist " 2CO + 0* mixture after reintroducing 
moisture into the capacity vessel, M, of the system, h = 0 0504. 

It is thus seen that, with such porous surfaces as those described, the immediate 
effect of drying out the system was to increase considerably their apparent 
catalysing powers . this, however, was an indirect effect, due to the removal of 
the moisture film which ordinarily " lags 1 ' the surface more or le&. 
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B.—Experiments showing the Ultimate Effects of Drying Out a 
System upon the Catalytic Combustion with a Metal Surface. 

In the experiments now to be described it was proved that with a gold or 
silver surface the ultimate effect of drying out the system is very greatly to 
reduce the catalytic combustion or even to stop it altogether They were all 
carried out at the Imperial College of Science and Technology, Loudon, in 
collaboration with the late W A. Haward, fl Robson and A Whitaker, during 
the years 1915-16 Later on, the results with silver w T erc independently 
confirmed by Prof D S Chamberlin in the year 1922-23 

As the object now aimed at was the complete drying out of the .system the 
experimental procedure described in the previous section had to be modified, m 
view of the longer time required, and the necessity of following more closely the 
effects of the gradual elimination of moisture The plan adopted in most of the 
experiments was essentially the following A mixture of purified carbon 
monoxide and oxygen in their combining proportions, saturated with moisture 
at the laboratory temperature, was circulated over the metal surface, which 
was kept in the reaction tube at a suitable temperature (T = 2'10" C for gold 
and 360° C. for silver) until a perfectly steady rate of combination was estab¬ 
lished This having been reached the apparatus (except the reaction tube with 
the metal surface, which was kept at- the reaction temperature and shut off 
from the air) was taken down, thoroughly cleaned and dried nut, and then set up 
again, but with tubes containing pure redistilled phosphoric anhydride in circuit, 
care being taken that the total volume accessible to the 2C0 + O t mixture 
remained unaltered The apparatus, thus reconstructed* is shown in fig 2, 
where (using the same lettering as in fig 1) K i , K 3 , K 8 and K* are the P t 0» 
drying tubes, and N lP N |( the spiral and tube, respectively, which towards the 
end of the drying operation were kept immersed in liquid air To ensure 
absorption of the reaction product (when the liquid air cooled tube N t was not 
in action), the upper parts of the absorption towers, E„ E a , were filled with a 
specially prepared mixture of soda-lime with three times its w eight of quicklime, 
which was found to absorb carbon dioxide with great rapidity, without showing 
any sign of absorbing carbon monoxide , and in order to counteract the very 
small water-vapour tension of the mixture, the lower parts of these towers 
were filled with quicklime. In this way, the carbon dioxide was rapidly 
and completely absorbed without any material amount of moisture 
being acquired by the gaseous mixture during its passage through the said 
towers. 
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The apparatus having thus been dried out, and re-set for the senes of " dry* ” 
experiments, it was thoroughly evacuated, after whirb an accurately made 
2C0 + 0 a mixture was introduced, from a gas holder through an efficient 
PjOfl drying train, and kept continuously circulating round the system, fresh 
portions of the mixture being added from time to time as required By 
continuing such procedure over many successive days (or weeks), and 
periodically observing the rate of combination of the gases as they passed over 
the heated metal surface, the effects of gradually drying out the Bystem 
almost to completion could be studied Towards the end of the operation, the 
further effects of immersing the spiral N x and the tube N 2 in liquid air were 
observed 

Finally, having pushed the aforesaid drying operation to ita farthest limit 
possible under the experimental conditions, all the drying arrangements 
indicated m fig 2 were removed from the circuit (without altering its volume) 
and water reintroduced into the system at the capacity vessel, M Another 
similar soxios of experiments were then made in order to observe the effects of 
the moisture addition, until another steady state for the “ moist ” mixture was 
attained. It will be seen that it always returned, more or less quickly, to the 
original steady state for the n moist ” gases, showing that the metal surface 
itself had undergone no appreciable alteration from first to last of the long senes 
of operations just described The following are the details of our expenments 
with gold and silver, respectively — 

I. With a Gold G *uze Surface. 

The gold gauze used was a piece (weighting 31 grins ) of that previously 
employed in Bone and Andrew’s experiments (Part I hereof, loc nt ), it had 
22 strands (each 0 15 mm, in diameter) per centimetre, having been woven 
out of the purest wire obtainable by Messrs Johnson and Matthey, to whom 
our best thanks arc due It was introduced into the reaction tube of the 
circulation apparatus as a roll about 6 inches long and of such diameter as 
just fitted that of the tube The temperature chosen for the expenments was 
240° C 

(l) Preliminary Experiments with a Moist 2CO + 0 a Mixture «—The circula¬ 
tion apparatus having been arranged for a “ moist" senes of experiments, 
2CO + 0 B mixtures, saturated with moisture at the laboratory temperature, 
were continuously circulated over the surface at 240° C. for three weeks 
(January 26 to February 14, 1916) until a perfectly steady rate of combination 
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was attained ; the value of “ jfe " thus established is indicated by the following 
observations extending over the last two days — 


t 

V 

k 

Hrs 

2CO+O a 

m m 


0 

647-5 

— 

J 9 

333 0 

0 0152 

25 

265 0 

0 0155 

43 

137 2 

0 0157 


Therefore, mean “ k ” value for a moist 2CO -f- O a mixture — 0 0155 

(n) Effects of Drying Out the System —The apparatus was now re-arranged 
(as already described) for a " dry M series of experiments, which extended 
altogether over 8 days (February 16 to 23, 1916), the temperature of the 
gold gauze being kept at 235-240° l_\ all the time, with the following 
summarised results . 


Drying Agent in Circuit 

Drying Period 

k value for 


from beginning 

dry 2CO fO, 



mixture at 


Hrs 

end thereof 


r 24 

00148 

P a 0 5 only 

42 

0 0118 


L 461 

0*0045 


f 66 

0-0004 

P a O fl plus Liquid air 

\ 91 

0 0004 


U14 

0-00045 


It is thus seen that the effects of the “ drying-out 11 operation were hardly 
noticeable during the first 24 hours , after 42, however, they were distinctly 
felt, but it was not until the period 42-451 hours that anything like the full 
effects were obtained. From 40 hours onwards the rate of combination of the 
gases rapidly diminished, until during the period 66 to 114 hours, with liquid 
air cooling in circuit, it had become almost negligible Indeed, during one 
particular 25 hours (66 bo 91 hours from the beginning) the pressure of the 
dry 2CO 4- O a mixture fell by 15 -8 mm (i e. from 620 8 to 605 mm.) only, 
os compared with a fall of no less than 182 5 mm. for the twnai gases during 
the same period in preliminary " moist " experiments (q v ), The 11 dryness ” 
of the system apparently reached a maximum during this period, because 
subsequently the rate of combination of the gases slightly increased, Jfc rising 
from 0'0004 (its minimum during the senes) to 0 1 00045during the next 48 hours. 
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At Ho time during the whole period was the combination observed to stop 
altogether, although at times it was hardly discernible. Them can be little 
doubt but that, had complete dryness been attained, the combination would 
have stopped altogether, as indeed was the case in our subsequent experiments 
with Bilver The attainment of complete dryness in such a system is so extra¬ 
ordinarily uncertain and difficult that, however careful may be the conduct of the 
experiments, it is always largely a matter of chance whether complete huccchs 
finally results 

(lii) Effect! of reintroducing Moisture into the System —At the conclusion 
of the foregoing senes (n), the drying agents were removed from the circuit, 
and water reintroduced into the capacity vessel, M, ,f moist ” 2C0 f 0 8 mixtures 
were then kept continuously circulating over the surface during the next 17 days 
(February 24 to March 11, 1016, inclusive), and observation of the rate 
of combination made every day or two. The following summarised results, 
giving the observed k values, show that the effect of reintroducing the moisture 
was to increase very gradually the reactivity of the system, until it was at 
length completely restored to its former steady condition as observed for the 
" moist M 2CO + O a mixtures in senes (j) *— 


Observed k x Values 


After 22 hours 

0*0037. 

„ 46 „ 

0 0046 

„ 90 „ 

0-0052 

„ 113 „ 

. 0 0069 

„ 137 „ 

0 0088 

„ 166 „ 

0*0102 

„ 214 „ 

0 0107 

„ 425 „ 

0-0152J 


Attention is specially 
directed to the 
very gradual 1 in¬ 
crease in these 
“ k ” values. 


(iv) Confirmatory Expenmertfs re Effects of Drying —Without going into details, 
it may be said that immediately after the conclusion of the foregoing experi¬ 
ments, the system was onco more dried out over a period of 26 days (March 13 
to April 7, 1916) in the manner already described. Its reactivity again 
decreased gradually to a very low value, attaining a minimum (£ = 0*00043) 
on the eighth day, as the following observations show — 

k 

0 0122 
0*0028 
0*00043 
0*00097 


After 2 days P s O s -drying 

U ® If M 

tJ 8 ,, ,i 

II 10 ,, ,, 


VOL. GXH.—X. 


2 L 
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Finally, on again reintroducing moisture into the system (April 11, 1010), 
the values of “ k ” gradually rose in 3 days to the “ normal ” for the n moist ” 
gases, as follows .— 

k 


2 hours after reintroducing moisture 

.. 0 0036 

20 „ „ ,, 

0 0004 

24 „ 

0 0103 

4S ,, „ 

0 0143 

72 „ 

0 01B0 


It was thus proved (a) that the effect of drying out the system was gradually 
to reduce its reactivity from “ normal " almost to zero, and (6) that complete 
restoration of normality gradually resulted from the remtroduction of moisture. 
Attention is specially directed to the fact that (6) was very gradual, because 
of its important bearing on the theory of catalytic combustion, being very 
difficult to reconcile with the Langmuir conception of the action being confined 
to a monomolccular layer of adsorbed gases, but quite explicable on the 
supposition of its extending also to deeply occluded gases 

II With a Silver Surface 

A long senes of experiments were also made with a pure silver-foil surface at 
a temperature of 360° C , the results of which were extremely interesting, 
because they brought out very clearly (o) the immediate effect of removing the 
film of moisture which normally “la gs ” such a surface when " moist” gases 
are circulated over it, and (6) the ultimate total paralysis of a completely dned- 
out system The following summarised results will enable readerB to appreciate 
their significance:— 

(l) First Group Wtih a “ Mowt " 2CO + O a Mixture (T = 300° C , 
0 = IB to 20° G ) —This consisted of five successive experiments m which a 
mixture of 2CO + 0 a saturated with moisture at the laboratory temperature 
(16 to 20° C ) was circulated over the surface at 360° C , and the rate of 
combination determined, as follows .— 

Experiment. k for " Moist ” System. 

1 .... 0-0682 

2 0-0097 

3 0 0703 

4 0-0594 

B . 0-0061 

Therefore mean “ k ” value for 11 moist '* 2CO + 0 a mixture = circa 0-007, 
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(u) Second Group. With CaC1 a -dried System and 2C0 -f- O a Mitiure 
{T = 360° C.) —Then followed a group of seven experiments, extending over 
a week, in which, after removing water as much as posmble, tubes parked with 
well-ignited calcium chloride (instead of P a 0 8 -drying tubes) were inserted into 
the circuit so as to reduce quickly the tension of aqueous vapour in the system 
down to a comparatively low point The effect of this was to increase con¬ 
siderably the apparent reactivity of the system, bb the following successive 
daily observations showed — 

Experiment, k for CaCl a -dned System. T — 360° C, 


6 

0 1590 

7 

0 1184 

8 

0 1412 

9 

0-1469 

10 

0 1463 

11 

0 1373 

12 

0-1483 


Therefore mean 61 k " for CaCl a -dned system = circa 0-1400 

(in) Third Group Showing Effects of Liquid Air Drying (T = 300° C ) — 
In order to push the drying still farther, the glass spiral, N Aj and tube, N 2 (fig 2), 
were both immersed in Liquid air, so that the tension of aqueous vapour of the 
CaClj-dried 2CO + O a mixture passing into the reaction tube would be reduced 
to that corresponding with a temperature of about — 185° C„ and those passing 
out of it would be similarly cooled, a procedure calculated to reduce the amount 
of water vapour m the reaction zone to a negligible point, The effect of this 
was immediately seen in a reduction of the “ k ” values to (m four successive 
daily experiments) a very low point, as follows.— 

Experiment k for Liquid Air Dried System 

13 0-0462 

14 .0 0458 

15 .0 0436 

16 0-0300 

Total Arrestment of the Catalytic Combustion gfter Continued Liquid Air Drying 
of the System (T = 360° C,),—At this Btage the system seemed rapidly to diy 
out, and with the glass spiral, N lt and tube, N a , both kept well immersed in liquid 
air, a point was eventually reached when the combination of the liquid air dried 
2CQ + O a mixture completely ceased, the pressure remaining quite stationary 

2 L 2 
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at 689-7 mm for half an hour. On allowing part of the liquid air surrounding 
the spiral, N,, to evaporate, so as to uncover the topmost turn thereof, thus 
allowing the gases to take up a minute quantity of water vapour, their 
combination was restored 

The foregoing observation was confirmed in three subsequent experiments in 
which the catalytic combustion was completely attested for periods varying between 
30 o? id 60 minutes by keeping the spiral, N,, completely immersed in liquid air 
for some time previously, whilst a P a 0 6 -dned 2C0 4* 0 B mixture was kept 
circulating in the system And in each case, the combination was re-started 
simply by allowing the level of the liquid air to sink by evaporation below the 
uppermost turn of the spiral. 

(iv) Fourth Group Showing Effect of reintroducing Water into the System 
(T = 360° C ) —Finally, the drying arrangements were removed from the system, 
a few cubio centimetres of water reintroduced into the capacity vessel, M, and 
a moist 2CO + mixture circulated over the surface (at 360°) The effect 
of this procedure was a gradual restoration (in successive days) of the reactivity 
of the system until reaction constant “ k ” finally reached a steady value sbghtly 
higher than that originally observed for the “ moist ” system in experiments 1 
to 3 (First Group), as follows — 


Experiment 

k for Moist System 


28 

0 0164 rising to 0-0393 in 

29 

0 0399 

[2 hours. 

30 

0 0465 


31 

0-0530 


32 

0 0810 


33 

0 0612 


34 

0-0870 


36 . 

0 0871 



Confirmatory Senes of Experiments with Silver Foil 
As it seemed important to have the foregoing results independently con¬ 
firmed, Prof D. S. Chamberlin, of Lehigh University, who spent the session 1922 
working with me at the Imperial College, kindly undertook to carry out an 
entirely new senes of experiments both with silver and porous porcelain. The 
procedure was modified from that previously described, in the following par¬ 
ticulars, namely :—(i) the experimental 2C0 4* 0 # mixtures used had previously 
been dried for about ax months by contact m a Large globe (fig. 3) with redistilled 
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phosphoric anhydride before being introduced into the circulation apparatus *, 
(li) the drying out of the apparatus was chiefly effected by keeping P l 0 5 -dned 
nitrogen continuously circulating day and night through the system, with 
P 3 Og tubes inserted, (in) at regular intervals of 10 to 14 days, the apparatus being 
evacuated 20 hours previously, making a determination of the catalysing power 
of the surface towards the aforesaid P a O a -dried 2CO 4 _ O a mixture , (iv) the 
soda-lime tubes previously used for absorbing the CO a produced were now 
omitted, because (v) during each 2C0 4- 0 a experiment the spiral, N,, and 
tube, N a , were kept immersed in liquid air, so that the CO a produced during the 
catalytic combustion was completely condensed in N a The temperature of 
the reaction tube containing the silver-foil surface was maintained at 250° C 
throughout the whole six months’ period (commencing September 15, 1922) 
covered by the senes of experiments. 



Immediately before commencing the series of experiments, the silver foil 
used (whose catalysing power towards a moist 200 4- 0 a mixture at 350° C had 
been previously ascertained) had been kept mi vacuo for some days in a desiccator 
over redistilled P a O Bl so that its surface had been to some extent dried before 
being introduced into the reaction tube of the circulation apparatus 
Moreover, after completing the series, the catalysing power of the foil towards 
a moist 2C0 + O a mixture at 350° C was redetermined, whereby it was found 
to be the same as at the beginning. 

Experimental Results —The experimental results ore summarised below 1 
it should be understood that during the intervals between each determination of 
the " Jfc M value for the ax months P a 0 5 -dned 2CO 4- 0 B mixture, P B O a -dned 
nitrogen was kept continuously circulating through the system, with the 
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P,0 B drying tubes inserted (the silver foil being maintained at 250° all the tune), 
so that the following data show the effects of a five months’ progressive drying 
of the system upon the catalysing power of the metal'— 


Observed Velocity Constant K, 


Determination No 

Date. 

with Dry 2CO -|- 0 8 
T = 250° C. 

1 

410 23 

0 1208 

2 

15 10.23 

0-1539 

3 

1,11 23 

0 0139 

4 

13.11 23 

0 0067 

5 

23 11 23 

0 0047 

6 

6 12 23 

0 0050 

7 

12 2 24 

0 0104 

e 

29.2.24 

0 0039 


These results, which are plotted on the accompanying curve (fig 1, a) confirm 
the previous conclusion that, whereas the immediate effect of drying is to increase 
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the apparent catalysing power of the surface, presumably by removing the film 
of moisture which normally logs it, the real and final efleet is woll-nigh to 
suppress it altogether Thus, the surface was actually at its maximum activity 
about a month after the senes of expenments in question had begun (A — 0 1639), 
when no less than 30 per cent of the 2CO + 0 £ mixture disappeared during the 
first hour; after thiB its catalysing power rapidly diminished, until it finally 
reached a fairly steady minimum (fc = 0 0039), when only 1 per cent, of the 
2CO + O a mixture combined during the first hour It is, of course, extra¬ 
ordinarily difficult to achieve complete dryness in such expenments , but it can 
hardly be doubted that, had such conditions actually been attained in this 
case, the catalytic combustion would have ceased altogether. In this con¬ 
nection it is also important again to observe that, on re-introducing moisture 
into the system, its original reactivity was completely restored, thus proving 
that the catalysing power of the surface had not been permanently unpaired 
at all by the prolonged drying to which it had been subjected. 

C —A Final Series of Experiments with Porous Porcelain at 

600° C 

Prof Chamberlin also earned out a similar long BeneB of expenments with a 
surface of porous porcelain, which Mr W C Hancock had kindly prepared for 
us from pure china clay, The material had been moulded into bars, each of 
1 om. B croBB-Bection, and about 16 cm in length, which were then fired at 
1200° for some days, and afterwards kept in a vacuous desiccator until required. 
Immediately before use the particular bar selected for the experiment was 
“ conditioned ” in the following manner, namely -- 

(1) First of all, it was completely evacuated in a silica tube for four hours 

at full red heat. 

(2) Next, dry oxygen was admitted to the red-hot surface which, after a 

suitable interval, was re-exhausted. 

(3) Finally, dry air was admitted to the red hot surface, which was sub¬ 

sequently once more exhausted, and then allowed to cool in vacuo down 
to room temperature before being transferred to the reaction tube of the 
circulation apparatus 

Experimental Procedure —Throughout the whole of the four months 1 period 
covered by the experiment, P|0 B -dried nitrogen was kept circulating through 
the system, with PbOb drying tubeB in circuit, except during the particular days, 
at considerable intervals apart, when the catalysing power of the surface 
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(at 600° C ) towards a rax-months P a O B -dned 2GO + O a mixture was being 
determined The surface itself was kept at 400° during all the long " drying 
periods ” ; during the 20 hourH preceding each successive determination of its 
catalysing power towards the said mixture, however, the apparatus was 
thoroughly exhausted, and the temperature of the reaction tube was raised 
to BOO 0 C , after which the said mixture was slowly admitted, and the tubes, Nj 
andN a , immersed in baths of Liquid air, in which they remained until the deter¬ 
mination of the velocity constant “ k ” was completed Thereupon, the 
liquid air baths were removed, the apparatus re-exhausted, another charge 
of P a O fl -dried nitrogen re-admitted, and the drying-out operation resumed 
Ex'pennwnlal Results —The whole M drying-out ” operation extended over a 
period of three monthfl (January 1 to April 4, 1923) continuously day and 
night, and determinations of “ k ” value were made at successive intervals as 
follows — 

Determination No Date Observed Velocity Constant ki. 


1 

14123 

with a 2CO O a Mixture 
T = 500° C 

0*3405 

2 

25.1 23 

0*3981 

3 

13 2 23 

0 2711 

4 

29 2.23 

0*2561 

5 

12.3 23 

01997 

6 

19 3 23 

0 1569 

7 

2 4.23 

0 1106 


These results, which are plotted on the accompanying curve (fig 4, b) showed 
unmistakably that (i) while the immediate effect of the drying was to increase 
considerably the apparent catalysing power of the surface, which reached a 
maximum after about a month’s drying, (ii) more prolonged drying caused it 
steadily to diminish, until after three months’ drying it had fallen to about 
44 per cent of its original value , thus, the respective relative values were as 
follows '— 

At commencement of the experiment 1 *00 

After one month drying 1 ] 2 

At end of the experiment (3 months) . 0*44 

So far, then, everything see mod to have happened substantially in accordance 
with anticipations based on our previous experiments with gold and silver, 
although the natural expectation that the “drying out JP would be a much 
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slower operation than was the case with the two metal surfaces Accordingly, 
on April 2, 1923, after the experiment* had been in progress for three months, 
it was decided to try the effeot of re-introducing moisture into the system The 
P a O s drying tubes were therefore removed from the circuit, water was intro¬ 
duced into the capacity vessel, M, and a 2CQ + 0 a mixture, saturated with 
moisture at room temperature, admitted Contrary to our expectation, how¬ 
ever, the catalysing power of the surface was now found to have again diminished 
as the results of the following two experiments, made with a five days’ interval 
between, showed 


Determination 

Observed " Jc 11 Value 

Relative Catalysing 

No. 

for “ Moist ” 2CO 

Tower of Surface. 


4- O a Mixture. 


8 

0 0784 

0-3G 

9 

0 0168 

0*08 


Such results suggested that the great diminution of the catalysing pow T er 
of the surface during the aforesaid three months’ drying had been due to some 
permanent structural change, produced in the surface itself by the drying, 
which the re-introduction of moisture, so far from reversing, actually accentuated, 
because of its “ lagging " effect 

To test this view of the matter, calcium chloride drying tubes were subse¬ 
quently inserted in the circuit, and a week’s drying-out of the system (by CaCl|- 
dned nitrogen circulation) carried out, as anticipated, this had the effect of 
“ unlagging ” the surface, and materially increasing its apparent catalysing 
power, as compared with that observed in No. 9 (q.v ). 

Determination Observed “ k 11 Values Relative Catalysing 

No. for CaCl a -dned 2CO+O a Power of Surface. 

Mixture 

10 0 0293 1 

\ 012 

11 .0 0281 J 

Some tune after the conclusion of the experiments, thin sections of the catalyst 
were cut and suitably mounted for microscopic examination, but although 
careful comparisons were made (using a Zeiss apochromatic oil-immersion N.A, 
1*4 objective in conjunction with a Swift oil-immersion achromatic condenser 
N.A. 1*4, with transmitted ordinary and polarised bght) between the original 
(unused) material and that which had been used in the experiment, no sign 
of crystallisation m the latter could be detected, nor could the two materials 
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be differentiated. Therefore, it can be Raid that any structural change which 
the surface had undergone, as the result of the prolonged drying operation, was 
undetectable by microscopic examination referred to 

Concluding Remarks , 

The experiments described herein have established the following facts with 
regard to the progressive removal of moisture from a system in which carbonic 
oxide aud oxygen arc undergoing catalytic combination in contact with the 
surfaces referred to, and under the conditions studied, namely — 

(1) That the immediate effect is always to increase the apparent catalysing 
power of the surface, presumably by removing from it the film of H a O 
molecules which normally lags it, more or less according to the physical 
condition 

(2) That the ultimate effect, which, however, is usually observed only after a 

prolonged drying, is to diminish greatly, or even to stop completely, 
the catalytic combustion 

(3) That in the case of each of the two metal surfaces (gold and silver) 

examined, the ultimate effect of drying was practically to stop the catalytic 
combustion altogether ; but on re-introducing moisture into the system, 
its reactivity was in time completely restored. 

(4) That in the case of the porous porcelain surface, the ultimate effect of 

drying was to diminish greatly its catalysing power, which, however, was 
not regained on re-introducing moisture into the system. 

It seems difficult to reconcile the new facts observed in the case of the two 
metal surfaces referred to with the Langmuir “ adsorption " theory of catalysis, 
or, indeed, with any modifidation of it which has yet been suggested. Foi if, 
as all such theories suppose, the catalytic combustion of carbonic oxide is con¬ 
ditioned merely by the formation at the surface of a ununolecular layer of the 
reacting gases definitely orientated, it is not easy to understand why the complete 
removal of water from the system should stop it altogether. On the contrary, 
if, as is now shown, the oatalytic combustion at such temperatures as have been 
employed in these experiments u conditioned by the presence of moisture in 
the Bystem, the fashionable doctrine of its being primarily due to the formation 
of such specially orientated ununolecular gas layers at the surface seems incapable 
of explaining the new fact confronting it If, however, the prune function of 
the surface in such catalytic combustion is to ionise the reacting gases, which 
in a neutral state are incapable of combining, then the observed influence of 
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moisture could be explained, because it would prevent 11 ionised ” molecules 
from reverting to a neutral state, and so aid the combustion And, if such be 
the case, it is conceivable that at still higher temperatures than those employed 
in the experiments described herein, the surfaces in question would not require 
the aid of moisture at all. This is a point which, however, it is deBired to reserve 
for future investigation 

In conclusion, the author desires to thank the Government Grants Committee 
of the Society for grants which have partly defrayed the expenses of the 
experiments. 


Effects of Thermal Treatment on Glass as shown by Precise Visometry. 

By Vaughan H. Stott, M.Sc , D. Turner, B.Sc. (Tech ), and H A Sloman, 
M.A,, B.Sc , A I C , National Physical Laboratory, Teddington 

(Communicated by Dr W Rosenham, F.R 8 —Received June 8, 1920 ) 
[Plates 18 and 10 J 

Viacometeri which have previously been described by various authors* for 
use with molten glass have suffered from a common defect, namely, the impossi¬ 
bility of following any changes which might occur in the viscosity due to 
prolonged thermal treatment of various kinds This defect can only be over¬ 
come by the use of apparatus which is practically insoluble in molten glass, and 
which permits the glass to be cooled to room temperatures and reheated. In 
the present state of out knowledge such apparatus must be oonstnicted of a 
platinum alloy, the high cost of which tends to restrict the weight of the 
portions of the apparatus in contact with glass In the present apparatus 
viscosity is measured by a determination of the thickness of the him of glass 
which adheres to a thin wire of 10 per cent iridio-platinum which is withdrawn 
at a known velooity from the molten glass contained in a small crucible of the 
same material, The glass is heated in a vertical cylindrical platinum resistance 
furnace having two concentric windings of platinum foil 1 inch wide by 
0'002 inoh thick, The inner tube of the furnace, which is of alundum, has an 
internal diameter of l\ inches, and is 24 inches long. The glass is contained in 
an iridio-platinum crucible of 1J inches diameter at the top, and 2 inches high, 

* Washburn and Shelton, 1 Bulletin No. 140, Engineering Experiment Station, University 
of Dlinaii/ S. English, 1 Trans. So*. Glass Tech./ vol. 8, p 205 (1024). Stott, Irvine and 
Turner, ‘ Boy. Soo, Proo.,’ A, vol 108, p. 154 (1025). 
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which is supported in the centre of the furnace The furnace stands on three 
adjustable legs carried by a table, which can be swung to one side of its normal 
position so as to allow' of convenient access to the various parts of the apparatus. 
Such a furnace, is capable of withstanding high temperatures “for prolonged 
periods. During viscosity dete run nations, the furnace was run continuously 
at working temperatures when not otherwise mentioned in the text The 
weighed iridio'platmuin wire, which is to be lowered into the glass and 
thence raised, is tied to platinum wires fixed in slots in the cut-away portion of 
an alundum tube, as shown m fig 1 The upper end of the olunduin tube is 
hied to the lower end of a counterpoised steel tube which can be raised or 
lowered in guides by means of an electric motor. Fig 2 show'B the general 
arrangement with the tube at the bottom of its stroke The useful speedy of 
the motor can be varied in the ratio of twenty-five t-o one, and two gears arc 
available in the ratio of lour to one, the available linear velocities of the tube 
varying from 0 01 to 1 cm /sec The steel tube A is actuated by means of a 
rack and pinion through the agency of a toothed clutch operated by the experi¬ 
menter The motor carries a flywheel of such inertia that the drop in speed 
of the motor on letting in the Hutch is inappreciable The speed of withdrawal 
of the wire is measured by an electric chronograph which makes contact with 
successive teeth of the rack The chronograph is accurate to about 1/100 sec 
The temperatures are measured with a specially designed disappearing filament 
pyrometer capable of a precision of one or two degrees between 800° and 1600° 
The pyrometer is sighted on the glass through a totally reflecting prism B 
mounted above the steel tube. When the tube rises in the course of an experi¬ 
ment, the prism swings away from it on pivots 
The conduct of an experiment is very simple The weighed wire having 
been placed in position, the lid of the furnace is removed, and the furnace 
swung against a slop into position below the wire (The Jid of the furnace 
consists of a brick under which is fixed an aluminium plate to prevent any 
foreign matter dropping into the glass ) The wire is then lowered by means of 
the motor at a suitable velocity The flpeed at the beginning of the motion is 
only limited by the thermal endurance of the refractory materials When, 
however, tho end of the wire reaches the glass, it is necessary that the speed 
should not be greater than that subsequently to be employed for the with¬ 
drawal Neglect of this precaution may result in bending the wire, especially 
at the lower temperatures When the steel tube reaches the bottom of its 
travel, the driving clutch, which, of course, is travelling backwards, comes out 
of engagement through ratchet action. Upward motion is also automatically 
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stopped at the required point by means of a cam which withdraws the clutch 
and applies a brake The wire having been lowered, a period of ten minutes 
is allowed to elapse before readings are taken with the pyrometer The alundum 
tube by this time has practically reached temperature cquilibiium 

The furnace used in this manner does not behave ns a black body, and the 
true temperature of the glass can only be obtained by comparing, in a separate 
experiment, the readings of the optical pyrometer with those of a thermocouple 
directly immersed in the glass, the thermocouple being read immediately after 
t-ho optical pyrometer readings, so as Lo correspond in time with an actual 
viscosity determination The comparison by this method showed a very Blow 
upward creep of the furnace after the first ten minutes, but the difference between 
the pyrometer and the thermocouple readings was stnt tly uinst-ant In this 
connection a pi a tmum-rhud inplatinum couple was used, and a slight deposit 
of platinum sponge was always found afterwards in the glass This would 
probably be avoided by the substitution of indio platinum for rhodioplatinum 

To return to the description of the normal experiment, when the temperature 
has been measured with the optical pyrometer, the wire is withdrawn nt a 
suitable rale, and its weight determined Ah the wire used has a diameter of 
only l nun , the normal deposit uf glass weighs about 10 mgs , and requires 
weighing very carefully if an ordinary chemical balance be used This w r as the 
case in most of the work to be desrnbed, although a microbalance accurate 
to 1 /I00 mg was used for the last twenty measurements. After weighing, the 
wire is copper plated in order to differentiate between the bare wire and the 
parts covered with glass In the absence of some such method it is impossible 
to see exactly where the glass ends After copper plating, it is found that in 
general theie is a small coppered length of wire at the bottom, which is duo to 
the effect of surface tension causing a longitudinal contraction of the glass him 
A similar effect occurs at the upper end uf the him, and therefore the true 
effective depth of immersion of the wire is equal Lo the measured length of 
gloss plus twice the length of the coppered portion at the bottom This deduc¬ 
tion has been shown by experiment to be valid Fig 3 shows the appearance 
of a wire after withdrawal The gathering of the glass into droplets is duo to 
the well-known instability of long cylindrical films, and takes place after the 
formation of the him 

The values of the viscosity at different temperatures are given in terms of 
the observed quantities t' and t\ by the formula, derived in the appendix, 

log (iq) - logl'- Y -— ) + C(o-0 - l ’), 

\a « \ ill 
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where tj i e the viscosity of the glass, t' the thickness of the glass deposit, a the 
radius of the wire, vita velocity of withdrawal, y the surface tension of the glass, 
and n is a quantity, small compared with y, expressing the influence of gravity. 

In carrying out the experiments the value of v is selected so that l'/® differs 
little from 0*8, m order that the last term be small 

It has been found experimentally that 

A 2-8. 

C = 0 10 

The values of y were obtained from Washburn and Librnan's* measurements 
for a glass having the same percentages of soda and sihea as the glass N P L 15, 
on which the present measurements have been made A linear relation has 
been assumed for the variation of y with temperature. (For glasses not within 
the scries investigated by Washburn and Libman, our viscometer could be 
readily adapted for the measurement of surface tension ) The values of n 
depend upon t'ja, a, and the constant A The variation of n with t'ja, when a 
is equal to 0 0001695, and k is equal to 2 8, is shown in Table I. For other 
values of a or A, recourse may be had to the relation 

n « kd 1 . 


Table I 



* Washburn and LIL>id an, 1 Bulletin No. 140, Engineering Experiment Station, University 
of Illinois.’ 
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Owing to the difficulties, discussed later, ol assigning an exact value to k, the 
results of the present measurements have been plotted in terms of /nrj instead of 
in terms of 7 ], so as to avoid the recalculations which might be necessary if k 
were subsequently found to be in error Strictly speaking, n and C also depend 
on 1, but a large change in k would be required to produce an appreciable change 
in 7] due to neglecting to allow for the variation of n and C 

The viscosity measurements which have been made in the manner described 
have all been carried out on glass of approximately the composition of 
N.P L 15 * In Bomc cases the glasses were made from batch, and in the last 
series cullet was used on which viscosity measurements had previously been made 
by another method. Preliminary measurements with glasses made from batch 
showed the necessity for taking great care to ensure homogeneity of the glass 
before making determinations This is not surprising when it is realised that 
tho average thicknesB of the glass him is only 0 1 mm Although from some 
points of view the extreme sensitivity of the apparatus to slight heterogeneity is 
disadvantageous, it will be seen later that by this means phenomena have Wen 
observed which might readily be overlooked if a more conventional type of 
apparatus were used. 

The measurements on glass E shown in fig 4 were made mainly to see whether 
cooling a glass to room temperatures and reheating would modify its viscosity. 
The glass, initially melted from batch in an lridio-platmum crucible at a tem¬ 
perature of approximately 1450°, was stirred for a short time by hand with 
a platinum stirrer, and cooled comparatively quickly. An analysis of the 
glass was made after the viscosity measurements and gave the following 
composition.— 


SiO B .. 

73 42 

Al B O a 

0 32 

Fe a O a . 

0-16 

CaO 

G-90 

MgO .. 

0-28 

Na t O . 

18 08 


100-06 


The first measurements were made at about 1670° and are shown by crosses. 
These points are unreliable, as tho maximum speed of the motor was too low. 


• ' Trans Sac Glus Tech*/ vol 0, p. 220 (1029). 
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so that the amount of glass adhering to the wire was insufficient for accurate 
weighing. The speed of the motor has since been increased. Four measure- 



Fit). 4 

ments, also shown by crosses were then made at about 1390 s , after which 
the furnace was switched off. 

On reheating, the furnace burnt out at the working temperature before 
further measurements could be made. The furnace was reconstructed, and 
the glass again heated to about 1000 s , whon the furnace had unfortunately to 
be turned out. The glass was again heated to about 1390 s and several measure¬ 
ments made (shown by heavy dots) before switching off the furnace and allowing 
the glass to cool to room temperatures The last procedure was twice repeated, 
but on the second occasion the general shape of the log tj— temperature curve 
was obtained before cooling to room temperatures from 1040°, The points 
* (heavy dots) determined by these measurements were irregular in their order 
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with respect to temperature, On reheating the glass to 1390°, the five points 
shown by circles were obtained. It will at once be notired that these points, 
whilst agreeing excellently amongst each other, are some 10 per cent higher in 
viscosity than would be anticipated from consideration of tho other points. 
This effect has been found m later work, and appears to be due to shutting 
off the furnace at a low temperature prior to reheating and making the 
measurements. 

The effect of switching off the furnace at 1040° instead of 1390° would be to 
cool the glass somewhat more slowly through the temperatures a little below 
1040°. In this connection we may note that the devitrification temperature of 
the glass should be, from the work of Morey and Bowen, about 950° The rise 
in viscosity, even if duo to slow cooling through a critical range, is not necessarily 
connected with devitrification, as another curious effect exists in tho glass at 
temperatures below about 1200° In the present case this is shown by a loss 
of precision in the measurements made below 1200°, and it will lie seen that this 
effect has been repeated several times in other experiments, although in certain 
circumstances the normal precision is obtainable The results of the E senes 
of experiments suggested that the viscosity of the glass between 1200° and 1500° 
is perfectly definite so long as the glass has first been properly stirred, and bo 
long as it has not been held too long in some temperature range below 1200°. 

These considerations further suggested tho possibility of calibrating the new 
method of measurement by means of the gloss N P L, 15, of which tho viscosity 
had previously been measured by the falling ball method * Cullet from the 
falling ball method was available which probably fulfilled the necessary con¬ 
ditions with sufficient accuracy It had been cooled to room temperatures from 
1044°, but had been cooled much more quickly than occurs with the present 
furnace. The "F" series of measurements shown in fig 5 was accordingly 
carried out on some of this cullet. No preliminary stirring was performed, as 
the cullet appeared homogeneous As was expected, an extremely concordant 
senes of readings was obtained in an irregular order between about 1200° and 
1470°. The readings are shown in the figure as heavy dots close to the lower line. 
At temperatures near 1160°, however, the points are very scattered, although 
their geometrical oentre lies on a prolongation of the smooth curve passing 
through points obtained at higher temperatures. This is an important fact 
in connection with any explanation of tho phenomenon, since it eliminates a 
number of possibilities After obtaining the scattered points below 1200°, the 
temperature was raised to just about 1200°, and the usual precision of ± 3 per 
* 1 1W Soc Glufl Tech,,’ voL 9, p. 220 (1020). 
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cent was regained (A variation of 3 per cent in tj is roughly equivalent to a 
temperature variation of 3°) The temperature was subsequently raised to 



Flo fl 

1460°, and a point on the curve obtained. The following day the optical 
pyrometer was compared with a thermocouple immersed in the glass at 1420° , 
the day after, this operation was repeated at 1170°, after which the furnace was 
cooled to room temperatures On reheating the glass to 1360°, the viscoaity 
was found to be some 15 per cent, higher than before This phenomenon had 
previously been observed m the case of the glass E. 

Measurements were then made over a large range of temperature, the results 
being shown as crosses on the diagram, From 1200° to 1470° the viscosity vas 
consistently 15 per cent, higher than had previously been found. At higher 
temperatures the increase was only about 5 per oent., although subsequent 
measurements about 1240° showed the full 16 per oent. rise, The precision of 
this senes of measurements is distinctly lower than the normal Below 1200° 
erratic results were again obtained, and, as before, varied about a mean point 
m the anticipated position At the end of this senes, a number of measure¬ 
ments were made about 1475°, where a slight discontinuity seemed apparent. 
(A transformation in silica is known to occur about this temperature.) The 
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further measurements did not confirm this idea, although they did not definitely 
disprove it At this stage the temperature was maintained for 24 hours at 
1624°, and thereafter a new senes of points was obtained, shown in the figure 
by circles Subsequent analysis showed that the glass lost soda at the high 
temperature, and the new scries showed a marked increase of viscosity (Up 
to this point the consistency of the various measurements negatives the possi¬ 
bility of appreciable change of composition of the glass with time ) The 
original precision was completely regained in the new senes and a curve was 
obtained substantially parallel to the first curve (The differences in log krr\ 
areO I67atl200°,0 170 at 1300°, and 0 -164 at 1400°) In this series, however, 
accurate readings were obtained down to a temperature of 1066°. 

At this point the outer winding of the furnace broke, necessitating various 
repairs. The glass was then reheated to 1440° Measurements at this tem¬ 
perature were vitiated by leakage in the potentiometer owing to damp weather 
Subsequently, however, a scries of measurements was obtained, indicated on the 
diagram by crossed circles These results are very close to the previous ones, 
but owing to the repair to the furnace it was not possible to determine whether 
a slight shift had taken place or not, since the optical pyrometer readings can 
be influenced by small changes in the temperature gradients The customary 
variations were observed below 1200° From these results, and those of the 
" C " series described below, it is concluded that below 1200° a change normally 
occurs in the glass which had previously been homogeneous at higher tem¬ 
peratures, but that in some circumstances this change may not occur, the glass 
being then metastable, and yielding a definite viscosity-temperature curve con¬ 
tinuous with that obtained at higher temperatures. The nature of the change 
below 1200° is not known, bub it is interesting to note that if the furnace, at a 
temperature above 1200°, is turned down in the evening, irregular results are 
found the next morning at a temperature below 1200°. (Measurements at a 
new temperature cannot be made sooner than this, owing to the necessity 
for reaching temperature equilibrium in the furnace ) Further, maintaining 
the glass for a week at about 1130°, making frequent measurements, failed to 
reveal any tendency towards a new equilibrium on the one hand, or towards 
greater irregularity on the other The analyses of the glass F before and 
after heating to 1624° are given below :— 
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Fi 

F. 

SiO a 

. 72 22 

74-20 

Al a O a 

0*71 

0 82 

Fe a O a 

0*11 

0 22 

CaO 

6 94 

7-00 

MgO 

0 1 53 

0 25 

Na 2 0 

. 19-49 (Bydifi.) 

17*40 


100 00 

99-89 


The " C " experiments, to which reference has been made, were done, before 
the others, on a glass of the following composition — 


SiO a 

72*80 

Al z O a -|~ Fe a O a 

0-84 

CaO 

7-13 

MgO 

0 22 

Na a O 

18-96 


99-95 


The glass was melted from batch at about 1450°, but was not stirred It 
was cooled to room temperature comparatively quickly before viscosity measure¬ 
ments were made The depths of immersion used in the calculations were not 
corrected for tho longitudinal contraction of the glass at the upper end of the 
deposit. The contraction may also have been somewhat variable owing to 
a Blight difference in technique as compared with the later work Neglect of 
this correction tends to raise sbghtly the apparent viscosity at the higher 
temperatures Fig 6 shows the results obtained, the first series of measure¬ 
ments being indicated by crosses Since the glass was not stirred, it was 
probably not quite homogeneous, and therefore the measurements were lees 
ooncordant than in later work. In spite of this, the scattering of the points 
below 1200 s is very noticeable After these measurements, the temperature 
of the glass was raised to about 1450° in the hope of producing complete homo¬ 
geneity The points shown as circles Were then obtained, and it is interesting 
to note that the usual effect below 1200° was not apparent, the glass being 
presumably in a metastable state. This series was terminated by cooling the 
glass to room temperature from 1389 s after which the points indicated by 
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heavy dots were obtained. The experiments were ended at a temperature of 
1088°, as traces of platinum sponge due to the thermocouple were observed in 
the glass. 

G4aob C 



Fig fl. 

From the foregoing it will be seen that the present apparatus shows a con¬ 
siderable advance over previous viscometers for molten glass, both from the 
point of view of precision (i 3 per cent of the viscosity) and also because of 
the possibility of prolonged experiments on the same specimen of glass, which, 
if required, may bo tooled to room temperatures and reheated an indefinite 
number of times In the case of the particular glass experimented upon, it 
has been shown that, once homogeneity has been attainod at a high temperature, 
its viscosity at temperatures above 1200° is repeatable to ±3 per cent This 
holds so long as the composition of the glass has not been changed by volatilisa¬ 
tion, and this is inappreciable except at extremely high temperatures. The 
viscosity at temperatures above 1200° is unaffected by cooling the glass to room 
temperature and reheating, provided that the glass be not held too long 
within a certain critical temperature range which is below 1200°, 
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At temperatures below 1200° it appears that the glass is capable of existing 
in at least two states, resulting in considerable variations of vifiooaity. The 
mean viscosity in this case is that which would be anticipated from an extra¬ 
polation of the curve from temperatures above 1200°. In certain circum¬ 
stances it is possible to obtain the glass at temperatures below 1200° in a 
metastable state similar to its state at high temperatures In this case the 
viscosity-temperature curve is continuous, and of the same precision throughout 

These observations may have an important bearing on certain phenomena 
which are well known to the glass maker. Numerous observations have 
been made which show that many properties of glass, including brittlencsB, and 
more particularly the complex factors which govern its mechanical behaviour 
during working, are influenced by variations in the conditions of founding which 
are without effect on the final chemical composition Such variations may be, 
for example, changes m the moisture content of the batch, differences of heat 
treatment, or variations in the proportion of cullet, 4 t , previously melted glass, 
added to the batch * Since it has been shown that a glass, homogeneous at 
high temperatures, may exist m more than one state when cooled below a 
certain temperature, it is no longer surprising that the working properties should 
be influenced by variations in the melting procedure The variations of 
viscosity, which may be present in glass below a certain temperature, indicate 
some degree of heterogeneity which may be a cause both of unsatisfactory 
working properties when hot and of brittleness when cold 

Appendix. 

Theory of the, New Viscometer. 

Experiment shows that tbe thickness of the deposit on the wire very quickly 
approaches a limiting value on withdrawal at a uniform velocity. 

Let = mean thickness of deposit 
a = radius of the wire. 
tj = viscosity of glass, 
p = density of glass. 

Y = surface tension of glass. 
g » acceleration due to gravity. 
v = velocity of wire. 

I =» depth of immersion of wire. 

• W. E S. Tomer, 1 Glass Research Association Bulletin, 1 No, IS (Feb., 102&) F. Eckert, 
1 Trans Soo. Glass Tech voL 10, p 00 (1036). 
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Then, since t'fa is dimensionless, ve must have 

£-/(*. V, 1^, 5-fi), 

a \a y TQ ' 

the function on the right including all possible independent dimensionless com¬ 
binations of the variables presumed to be involved in determining the course 
of the phenomenon. 

It is also known from experiment that the value of t'ja is independent of Ija 
unless the latter be very small As regards the second term, experiment shows 
that, between certain limits of t*/a, 

t' _ JTTjV 

a r ’ 

where, as is shown later, x has a value varying slightly with t'ja 
An approximation to the effect of the third term can be calculated by regarding 
it as a correction to be applied to allow for the effect of gravity In the present 
experiments the value of this correction has only rarely exceeded 10 percent, in 
the case of the 11 f 1 '* series In later experiments it has always been well below 
10 per Lent, since t*ja has not been allowed to differ greatly from the value O'8, 
which has been adopted as the most convenient The fourth term obviously 
expresses a pure inertia effect It is not possible to calculate the whole work 
done in accelerating the various portions of the liquid disturbed, but we can 
calculate the work done in accelerating the liquid which adheres to the wire, 
and this work must be an appreciable fraction of the whole work in question 
Let M = total mass of glass lifted Then the work done in changing its velocity 
from 0 to (>o, is JMi> 0 

The work done against gravity is where Iq is the length of immersion 
The greatest value of p 0 2 in our experiments is 0-04, whereas has the 


* 

1 



Tie. 7. 
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value 2$43. The ratio of these figures is sufhoient to show that the fourth term 
is small compared with the third, and may therefore be neglected. 

Let us now calculate the effect of gravity, We shall suppose that a wire of 
radius a is pulled out of a liquid of zero surfaoe tension. (See fig. 7 ) 
Following the method of the Research Staff of the General Electric Company,* 


we write 

d / dv i 

dX^Tr^ 9 ^ 


therefore 



therefore 


[(» + •)■-HJ, 

therefore 



r*- wniLt^./u, 



J B 2 vj J r I T -1 


therefore 

* «’-- 2 ^[(' + «) 2 log r 2 ]. 


or 

,,_r “ Sj[ 2 +(<+«) e log-) 

(1) 

Now when 

r _= a + i, i's-0, 


whence 

- ' + i ”J 

(2) 


If we now take t = as a particular case, we have from (I) 
and since the upward flow of glass at A must be equal to that at U, 


therefore 


r 0 7r (2 at' -f- t'*) — P v (27rr) dr, 

► <* 

+ n - 2 f ["' " 108 \■ i + t)J* 

- (89 • 3 ), 

V 

* " A Problem la Vtaeoally," ' Phil Meg val 44, p. 1003 (l»lt). 
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therefore 

«y'* + 2v„at’ 4- ( ^ 9 3 £2.- - lStwt*') = 0, 

\ >) 

whence ___ 

i*--. f v/i 

v ^of) 

Now the value of pg/v D y] must satisfy equation (2). Whence 
16a>log4-i(Ilte>)] 

= 1/7 338 a 2 , 

therefore _ 

- -a + VlG« a --^-~ a2 

v 7 338 

= 0-96 a 

Returning to equation (2) and nubstituting therein t = 3 a, we obtain 

«b = H2-(14-G8) (3) 

We are now in a position to find what value g would have to take in order 
that for the value of v 0 which gives l' = 0 96a when surface tension is alone 
operating, t' for the purely gravitational case would have the same value, 
namely, 0 96a 

For the surface tension case we have sufficiently nearly 


t'ja = 2-8y]V 0 /y 


(The derivation of this relation from experiment appears later ) 
Therefore 


0 96 = 2 Btji'o/y, 

therefore 


Now from (3) we have 


7)v 0 = 0 4 342*y. 

2t)i> q 0 685Gy 
]4-68pa B== 14 68po a 


(where g' is the sought fictitious value of q) 
Whence, finally, since g = 981, 


9 _ 8'91 
9' Y 


These calculations have been repeated for various values of t as shown in the 
table below.— 
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Table II 


tfa 

t'/o 

vfg' 

U 

0 

i) 

1 

0 33 

2 25/y 

3 

o m 

S HI/? 

6 

1 H4 

21 03 ly 


From these results Table I F in the text, was derived by interpolation, the 
quantity n being defined by the relation 

It will be seen that the implicit assumption has been made that if g' be a sup¬ 
posititious value of g which, in the absence of surface tension, would give a 
value of t' equal to that given by a surface tension y in the absence of gravity, 
then the effect of y and g acting simultaneously is equivalent to a surface tension 
y acting alone, where 

r = Y +19 Is' 

In this way we are now able to write our fundamental equation 



This equation may be written 

< 7 * = . 

where x is a function of t/a. 

By suitably choosing the values of v in the various experiments we can 
arrange for t'ja, and therefore x, to be constant (The value 0'8 has been 
selected as the best value to take for t'ja ) 

Writing h for the constant value of x, we have, finally, 

t'ja = 0*8 = hyojy'. (4) 

As it is not practicable to withdraw the wire at the precise value of v required 
to make fja equal to 0-8, the variation of x with tja was determined by 
experiment, keeping the temperature approximately constant, and correcting 
the results to the mean temperature of 1390°. Fig. 8 shows log a*] (tj being 
constant) plotted against f ja in the case of glass E. A straight line represents 
the relationship obtained with sufficient accuracy. From the slope of this 
line (denoted on page 4 by “ C "), experimental results can be corrected to the 
standard value of t'/a* 0-8, thus permitting the use of equation (4). The 
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assumption is here made that the correction is independent of viscosity As 
this assumption is not likely to be strictly correct, the experiments should be 
conducted so that the correction is small. 



Kiq. 8. 


The concordance of the results obtained in the *' E ” and "F" senes of 
measurements shows that errors due to inaccuracy of this correction are small 
compared with errors due to other causes It will be seen later that this 
correction probably represents chiefly an effect due to the influence of the rate 
of shear on the apparent value of tj, a phenomenon which could not be taken 
into account in the dimensional analysis. If this be really the case, <f x ” has a 
constant value in the case of an ideal liquid, and the empirical correction which 
we are considering must be regarded as applying only to the particular glass 
on which it was determined 

Let us now turn our attention to the experimental determination of the 
constant k This determination depends upon the measurements, to which 
reference has already been made, on the glass N.P.L. 15. 

It has previously been suggested 41 that the variation of the calibration 
factor with V) of the falling platinum ball apparatus used for the measurements 
in question is due to a variation with rate of shear of the apparent viscosity 
* Stott, Irvine and Turner, 1 Boy. Boc. Proc. F ’ A, voL 108, p. 164 (1926). 
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of the syrup need for calibration. Careful consideration of our own and Wash¬ 
burn's measurements lends colour to this hypothesis, and our own measurements 
have now been corrected m the following manner — 

For the large ball the average velocity of fall determining the calibration 
factor may be taken as 4 cma /see Now tho calibration factor is obtained from 
the ratio of viscosity determined by the falling of the large ball to that deter¬ 
mined by the falling of a very small ball If the calibration be performed at 
such a viscosity that the ratios of the velocities of the large And small balls 
are in the ratio of their radii, the motion will be similar in the two cases, and 
the true calibration factor will be obtained 

The ratio of the radii being 1/0 1189 the velocity of the small balls must be 


v — 4 (0 1189) 


We have alao, for the particular small balls usod, 

V = i/T) 

Whence 


therefore 

and 


4 (0 1189) = 4/*], 
7] = 8*41 
log 7 ] — 0 934 


The true calibration factor should therefore be obtained when log tj = 0*934 
The curve* showing the values of the calibration factor plotted against log t\ 
does not extend far enough, but by extrapolation the value of the calibration 
factor is found to be 22 0 . Fig 9 shows the original log 73 — temperature curve A, 
of gloss N P L 15, togother with the revised curve, B, calculated from a constant 
calibration factor of 22 - 0 . (As a result of minor corrections, the experimental 
points shown lie somewhat nearer to the curve than in the previous publication, 
but the line itself is unchanged ) Comparison of the log 7 ) — temperature curve, 
B, of the glass N P L 15, with the measurements made on glass Fi (taken from 
the centre of the pot on which the measurements were made on glass N.P.L, 15) 
showed at once a considerable variation with viscosity of the factor k, which 
was much greater than the corresponding apparent variation of the calibration 
factor of the platinum ball apparatus when using syrup. 

Since dimensional analysis fails to account for such a variation of k, it is 
reasonable to enquire whether tho viscosity of glass is really independent of the 
rate of shear, as was necessarily assumed for the purpose of analysis. Should 


• Lo^eU. 
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Now 


and 


therefore 


_ ^ (t\ Y + ^ (0’40) (152 5 + 2-8) 

1 \a!i x,7) 10* 810 

_ } t'\ r + n 2 _ (1 20) (J52 5 4*12 1) 
’ 2 \a x,t] 10 E, “° 

v t jv i = 2 643. 


Hence, when v vanes in the ratio 2 ■ 645 , 1, log x varies by 0*080, or x vanes 
by 20 per cent 

Further, log 2 045 — 0 422, and log Y] for N P L 15 (fig 9, curve B) vanes 
by this amount from 1400° to 1202° Over the same temperature range log k 
vanes from 0 454 to 0-545, that is, k vanes by 23 per cent The concordance 
of measurements made over a considerable range of values of v at vanous 
temperatures shows that the variation of x with v does not depend very greatly 
on temperature The approximate equality of the figures calculated above 
may therefore be regarded as evidence that the change of x with v is mainly 
due to the influence of rate of shear. 

We are now in some difficulty with regard to the value of k. If we reject the 
idea that the viscosity of glass is influenced by the rate of shear, we can only 
ascribe the variation of k to expenmental error If, as is more reasonable, 
we accept the idea, k ahoidd be determined at a viscosity such that the effect 
of rate of shear is the same in the two types of viscometer The value of k 
thus determined would be the true value applicable to a perfect liquid. 
Unfortunately we are unable to make such a determination. Actually we have 
adopted for k a value of 2*8 This is derived from observations made above 
1400°, where the effect on the apparent viscosity of different rates of shear 
would presumably be less than at lower temperatures By the use of this 
value for k approximate values of tj may be calculated which may not be quite 
comparable with values derived from another apparatus owing to differences 
between the functional relationships of the mean rates of shear to the 
viscosities measured. In the case of the wire viscometer the mean rate of 
shear is inversely proportional to tj. In the case of our older method, and that 
of Washburn, the rate of shear is independent of Y], and is roughly constant. 
Owing to these difficulties, we hare plotted our results in terms of bt\ rather 
than in terms of ip It may also be noted that the value of the gravity cor¬ 
rection n depends on k A change in the calculated value of i] of 1 per cent, 
may occur for this reason, if we vary k by the amount found in the calibration 
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oyer the whole range of our experiments. A further small source of error La 
involved in the assumption of linearity for the variation of the surface tension 
of the glass with temperature. Judging from an exact curve given by Wash' 
burn for a somewhat different glass, the error due to this cause may amount to 
i 2 or 3 per cent 

Turning again to fig 9, an interesting comparison can be made between the 
slopes of the log 73 —temperature curves of the glass N.P.L-1!5 obtained in various 
ways Curve A represents the results of the platinum ball determinations as 
calculated in the original manner Curve B represents the same results 


Table III 




■ 

1 

7 

0 

r + Tl > 

Log *n 

0 10 

M. 

Log bj 

Tamp, 

Date 

IK 

0 7123 

0 533 

152 4 

0-0 

108 3 

2 325 

0 009 

2 334 

1301 5 

7 12,20 

2 

0 0160 

0 4005 

151 0 

4-0 

100 8 

2 288 

0 018 

2 300 

1400 4 

8 12 20 

3 

0 0010 

0 0029 j 

152 3 

0 4 

157 7 

2 317 

0 014 

2 331 

1393 0 


4 

0 0663 

0 506 

152 2 

5 4 

157 0 

2 315 

0 013 

2 328 

1394 1 


a 

0 0116 

0 05455 

104 0 

4 8 

100 7 

3-270 

0 010 

3 298 

1172 6 

9 12 20 

0 

0 §085 

0 00105 

160 4 

7 0 

172 4 

3 358 

—0 001 

3 357 

1164 0 


7 

0 6380 

0 04625 

160 8 

fi 1 

170 9 

9 355 

0 010 

3 371 

1156 2 


8 

0 7144 

0 0634 

106 5 

0 0 

172 5 

3 289 

0-000 

J 206 

1144 0 


0 

0 0095 

0 090 

146 1 

3 8 

101 9 

2 114 

0 020 

2 143 

1465-0 

10 12 25 

10 

0 0365 

0 640 

148 2 

4-1 

152 3 

2 100 

0 026 

2 132 

1463 0 


11 

0 0911 

0 6376 

140 0 

4 0 

103 0 

2 104 

0-021 

2 170 

1400 4 


12 

0 5580 

0-205 

107 7 

4 3 

102 0 

2 640 

0 024 

2-669 

1290 3 

11 12.25 

13 

0-8046 

0 262 

106 1 

7 U 

105 1 

2 700 

—0 000 

2 705 

1290 8 


14 

0 B127 

0 262 

106 1 

7 1 

105 2 

2-710 

—0 001 

2 700 

1200 6 


IS 

00205 

0 0616 

105 0 

4 9 

170 fi 

9 236 

0 018 

3 218 

1161 5 

14 12 25 

16 

0 9433 

0 07455 

166 0 

8 7 

174 7 

3 345 

—0 014 

3 331 

1103 0 


IS 

I 0554 

0 0683 

103 0 

10 1 

175 0 

3 446 

—0 026 

3 420 

1161 Q 

15.12.25 

19 

1 0000 

0 05A3 

160 2 

0 i 

175 0 

3 002 

—0 020 

3-482 

1150 7 


20 

0 7199 

0 0653 

160 4 

0 0 

172 4 

3 347 

0 000 

3 350 

1147 a 


21 

0 0679 

0 0570 

160 6 

0-7 

172 2 

3 311 

0 011 

3-329 

1144 6 


22 1 

0 7020 

0 J243 

I01-S 

o-i 

107 0 

2 070 

0-010 

2-986 

1926-8 

10 12,25 

23 

0 6133 

0 1233 

162*5 

7 1 

160 6 

a 040 

—0 001 

3 048 

1215-3 


24 

0 6601 1 

0 10900 

102 5 

5 7 

108 2 

a 020 

0 011 

3-087 

1914 2 


26 

0 7831 1 

0-1124 

162 8 

0-7 

169 0 

a 072 

0 002 

3 074 

1208-2 


20 

0 5932 | 

0 674 

148 4 

4-6 

153 0 

2 120 

0 021 

2 100 

1400-0 

17 12 20 

33 

0 8400 

0 496 

109 0 

7 1 

150 1 

2 433 

—0 004 

2 429 

1381 0 

4196 

34 

0 7638 

0 407 

153 0 

0 2 

168 7 

% 387 

0 004 

2 391 

1388 7 

5.120 

30 

0-8118 

0-490 

152 6 

6 8 

159 3 

% 417 

—0 001 

a 410 

1380 4 


36 

0-9A4B 

0 495 

163 2 

7 4 

100 0 

a 448 

— 0-006 

2-449 

1377-1 


37 

0 6554 

0 250 

166-2 

0-1 

161-3 

2 026 

0 014 

2 640 

1324 0 

6 1*26 

38 

0 8965 

0 279 

107 1 

7 1 

164 2 

2 692 

— 0-004 

2 6M 

1307-0 


39 

0 5554 

0 647 

148 0 

4-1 

102-0 

2-190 

0 024 

2 214 

1400-4 

7 1.26 

40 

0-7898 

0 900 

147 0 

0-5 

104 1 

2 128 

0 001 

9 liS 

1470-2 


41 

0 7960 

0 910 

147 0 

6-0 

103-0 

0 134 

0 000 

2-124 

1484-1 

8 1.20 

42 I 

0 5776 1 

0 990 

144 2 

4-3 

148 a 

1 Ml 

0-022 

2-003 

1533 a 


43 1 

0 7715 

0-1386 

160 0 

0-3 

160-8 

2 968 

0-003 

9-071 

1948 4 

11 1 26 

44 I 

0 7475 

0184 

160 0 

0-1 

166-7 

9-968 

0 DOS 

2-073 

1247-9 


40 

0-9211 

0 1873 

101 3 

S-l 

109 4 

3 008 

-0 oia 

3-049 

1236 0 


40 

0 3001 

0 0851 

163 0 

fl 7 

109-7 

3 203 

— 0 000 

3 203 

1206 a 

12,1.28 

47 1 

0 6365 

0 0977 

163 4 

7 l 

170-0 

a-164 

h-o 004 

8-160 

1190 7 
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Table III—(continued). 


Eipt 

*'/■ 

V 

y 

n 

y + ™ 

Log 

0 10 
(*-■) 

U>8 hv 

Temp 

Date 

4SF 

1 2410 

0 117 

163-5 

12 2 

175 7 

3 270 

—0 044 

3 226 

1107 1 


40 

0 0180 

0 0408 

167 0 

8 0 

175 0 

3 509 

—0 012 

3 497 

1196 3 

13 1 26 

90 

0 8858 

0 0413 

168 1 

7-6 

170 7 

3 576 

—0 009 

3 507 

1110 1 


SI 

0-6200 

0 0401 

106 6 

4 8 

171 0 

3 439 

0 017 

3 447 

1130-7 

14 120 

52 

0 7268 

0 0428 

106 0 

a o 

172 8 

3 408 

A 007 
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1138 1 


S3 

0 8610 

0 0470 

167-4 

7 4 

174 8 
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—0 006 

3 494 

1120 2 


54 

1 2643 

0 0400 

167-2 

12 0 

170 8 

1 650 

-0-040 

3 613 

1132 7 

15 1.26 

05 

0 7357 

0 0440 

107 0 

6 0 

173 0 

J -453 

0 006 

3 459 

1135 5 


50 

1-0704 

0 0470 

167-2 

0 0 

177 1 

3 600 

-~0 027 

3 579 

1133 2 


57 

0 0781 

0 04435 

166 7 

8 8 

175 5 

3 588 

—0 018 
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1141 6 

10.1 26 

08 

0-7413 

0 04B8 
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ti 0 

172 0 
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0-000 

3 423 

1153 0 
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1 0648 

0 0457 
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3 014 
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00 
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61 
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100 6 

A 4 

167 0 

2 067 
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1246 2 


52 

0 7407 
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166 5 

2 000 
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1240 7 


63 

0 7876 
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0 6 

107 3 
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1241 8 


64 

0 7318 
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147 5 
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0 007 
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1475 8 
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152 4 
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109 6 
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0 7670 

0 a75 

152 6 
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2 912 
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2 015 

1387 9 


75 

0-7302 
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153 0 

5 9 

158 0 

2 029 
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1381 2 


70 

0 7457 

0 1281 

159 8 

0 1 

105 0 

2 065 

0 005 

2 990 

1262 7 

27 1 20 

77 

0 0581 

0 1310 

100 6 

8 4 

100 0 

3 090 
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3 075 

1247 7 
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168 2 

3 075 
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1246 4 
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0 6072 
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163 a 
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108 5 
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1200 8 
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80 

0 1 7308 

0 0507 

103 8 

6 0 
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3 321 

0 006 
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1191-2 


B1 

0-0380 

0 04070 

107 2 

8 3 
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3-006 

—0 014 
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1131 0 

29 1.26 

82 

0-6005 

0-01368 

170 6 

0 2 

175 8 

3 929 

0 014 

3 942 

1072 7 

12 20 

88 

0-7217 

0 01461 

170 0 

5 8 

170 7 

3 041 

0 008 

3-949 

1067 4 


84 

0 7203 

0 01403 

171 0 

5 8 

170 8 

9 030 

0 007 

3*042 

1066 2 

2 2.26 

88 

0 7807 

0-2102 

156 4 

0 0 

102 3 
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0 007 
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1321*3 

112 26 

W 

0 7 642 
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0 3 

103 0 
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0 004 
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1310 0 


BO 

0 8471 
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157 0 
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164 2 
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—0 005 
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1309-7 
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0 0431 

0 07205 

163 a 

8 3 

171-6 
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0 0615 
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fl 4 

109-8 
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S- §34 

1198 4 


08 
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166-4 
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0 021 
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4 7 
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3 195 

1216 a 


05 

0 7268 
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168 3 
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170 9 
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—0 011 
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08 
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00 

0 8504 
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0 0544 
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173 0 
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1170 9 
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0 0527 

105 4 

0 1 

174 5 

3 021 

—0 020 
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1164 1 
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8 4 

174 1 
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0 8425 
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1136 8 
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167-a 

4*6 
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1132 7 
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174-9 
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0-7670 

0 03110 

167 1 

0-a 

17B 4 

3*630 

0*003 

3*633 

1134-3 


106 

0 7332 

0 485 

150-4 

A 9 

156 D 

2-404 

0 002 

2 400 

1425-0 

23.2.16 

100 

0 7860 

0-486 

100-4 

6 5 

106-9 

2 404 

0 001 

2-405 

1436-1 
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emulated with a constant calibration factor of 22-0 For Him Jar reasons to 
those given with regard to our own experiments, it would appear that a con¬ 
stant calibration factor should be used for Washburn’s experiments Two curves 
are therefore shown representing the results of the alternative calculations 
applied to Washburn's results Finally, the curve X represents the measure¬ 
ments on glass F l (the same as N F.L. 15) calculated on the basis of & — 2 H All 
the curves except A and B hove been displaced vertically by arbitrary amounts 
so as to show more conveniently the differences of slope It will be quite 
clear, from a consideration of fig, 9 and the preceding discussion, that no method 
has yet been devised of determining the viscous properties of glass at high 
temperatures in a manner which is entirely independent of the type of apparatus 
used, and perhaps also of the properties of other liquids employed for calibra¬ 
tion. Accordingly, for the possible convenience of other workers, Table III 
(pp. 019-520) contains the essential figures from which the results of the F 
senes of measurements have been calculated 

Remarks relating to Table 111 

For Expts. IF to 26F inclusive... a 2 = 0 ■ 0001696 \ _ 2 , go 
For Expts. 33F to the end a 1 = 0 -0001629 J 

After Kxpfc 26F a check against a thermocouple was performed at a tempera¬ 
ture of 1460° ; on the following day a further check was carried out at 1170°, 
At which temperature the furnace was switched off. 

On reheating to a temperature of about 1390°, a few experiments were vitiated 
by the usual presence of platinum sponge in the glass due to the thermocouple 
This sponge was all removed in the glass adhering to the wires in ExptB, 27F 
to 32F. 

After Expt. 68F the furnace was taken to J 624° and held there for 24 hoars 
before reducing the temperature to 1290° for Expt 69F. 

After Expt. 84F the outer winding of the furnace failed On completion of 
the repairs, the glass was reheated to 1440 G , but Expts 85F to 67F at this 
temperature were vitiated by leakage in the potentiometer owing to damp 
weather 


2 N 


▼ol. oxn.—a. 
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Amplitude of Sourul Waves in Pipes. 

By E G. Rkhaudson, B A , M Sc , Ph D, (University College, London). 

(Communicated by Prof. A W Porter, F Rft—Received April 15, 1926 ) 
Introduction. 

There has always existed considerable doubt as to the magnitude of the 
periodic pressure changes, and the concomitant velocity and temperature 
changes which the air in a sounding organ pipe undergoes The difficulty of 
following these rapid changes has prevented the success of many attempts, 
and results obtained by a few successful experimenters have not been in 
agreement Kundt,* and, later, Dvorak,} using a manometer provided with a 
valve, which opened and shut with the frequency of the air oscillations in the 
pipe, measured the cumulative pressure of the condensations. Tbpler and 
Boltzmann} used an optical method That part of a stopped pipe close to the 
node was fitted with glass windows and placed between the plates of a Jamin 
interferometer, so that part of the light which produced the interference bands 
in the instrument passed through and part outside the pipe The inter¬ 
ference bands appeared to bo broadened when the pipe was sounded , from 
the extent of the broadening, tho change of density or of pressure at the node 
due to the vibration was calculated Haps§ obtained actual photographs of 
tho oscillating bands, which the optical fatigue of the eye made to appear 
widened in the earlier experiments A summary of their result* is given in 
Tabic I 

Table f 


Wind pressure (inohen ol 
water) 

2 35 

3 1 

3 9 

4 7 

8 A 

D 4 

14 0 

Pressure nli&nge at liudo 
(atiDoapberes) 

0-0066 

1 

0 0117 

0 0143 

0 0193 

0 021 

0 027 

0 035 


(Pipe 40 X 3 5 X 5 G cm Mouth, 2 5 X 3-5 cm 


Of course, the oscillatory change of pressure will depend on the form of the 
pipe and the pressure at which it is blown, but with the average stopped 

* ' Ann, d Physik,' rol. 128, p 327 (1886), 

t 1 Ann d Physik,' vol. ISO, p. 410 (1879) 

t ' Ann d. Physik,' vol 141, p. 321 (1870) 

§ ' Ann d. Physik,’ vol. 50, p. 183 (1801) 
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diapason, blown at a few inches of water, the discrepancy between the results 
by different methods is still too great Against the valve-manometer the 
criticism may be levelled that the motion of the air in the pipe is seriously 
affected by the motion of the valve pallet, which will cause additional varia¬ 
tions of pressure in the pipe, Kundt’s values are the highest (his maximum 
recorded amplitude was 1/16 atmosphere); Topler and Boltzmann recorded 
1/00, Raps 1/22, Interference methods have the advantage of leaving the 
an entirely undisturbed, but are troublesome both in their adaptation to 
existing pipes and in their interpretation, while slight vibration of the walls 
under the action of the sound waves or the blast produces shifts of the bands 
of the same order as those sought for in the air motion. 

The recent development of the hot-wire anemometer suggested the adapta¬ 
tion of this instrument to measuring the average velocity at different points 
in the organ pipe, as the displacement amplitude can be calculated from this. 
At the outset the object was to evolve a method by which, with a single 
apparatus, velocity distribution in the usual form of pipe at any blowing- 
pressure could be found, the instrument being of such form as not to affect 
appreciably the movement of the air, either by causing a leak of pressure or 
by obstructing the flow. By using a calibrated hot-wire, each velocity is 
read an the resistance m a Post Office box required to reduce a galvanometer 
deflection to zero , and a complete velocity distribution curve for the pipe, 
blown at a constant pressure, can be obtained m less than an hour. 

Measurement* with Hot-Wire Grids 

The idea of this method came after reading a paper by Richards.* This 
author placed the grid of a Tucker-Paris hot-wire microphone on one prong 
of a vibrating tuning-fork, and measured the steady drop of resistance produced 
when the microphone was rocked through various amplitudes By comparing 
this with the resistance drop produced when the gnd was used as an anemo¬ 
meter in a steady wind, he found that the effect of the osoillating draught was 
the same as that of a Bteady wind, whose velocity was equal to the maximum 
velocity in the period of oscillation. When the air surrounding the wire is 
executing S.H.M. with an instantaneous displacement given by y = a sin 2nil/, 
a being the amplitude of the vibration, the maximum velocity = 27mo. 
Measurement of the steady resistance drop of a hot-wire placed at any point 
in a pipe, containing particles of air executing S H.M., will therefore enable 


1 Phib Mag./ vol. 46, p 026 (1933), 
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ub to determine the amplitude of the vibration at this point, if the hot-wire 
la calibrated in a steady draught. 




Fio 1 

The grid used consisted of 0 001-inch platinum wire wound crus-cross 
fashion on a thin square mica frame, supported by thin oopper wires attached 
to an ebonite frame (2} inches square) made to fit a wooden diapason of the 
same section (fig. 1) Both frames were designed to obstruct the movement 
of the air as little as possible, but, as will be shown later, this was not entirely 
avoided The grid, together with an ammeter, formed one arm of a Post Office 
box, in which ratio coils of 100 ohmB were employed The balancing arm of 
the box was extended by a sliding resistance of 1 ohm, consisting of a meter 
wire, enabling adjustments to be made to 0 01 ohm (fig. 1). Tt was necessary 
that the slider should always make contact during the balancing, for, if this 
failed, the increased current through the hot-wire was sufficient to burn it out. 
The current through the grid kept it just at red heat in the absence of air 
movements, by balancing the altered resistance in the air current on the 
Post Office Box, the grid was employed at constant heating current, The 
gnd was first calibrated in the steady draught produced m a horizontal wooden 
tube, by running water in and out of a reservoir to which it was connected. 
From the rate of rise or fall of water measured on a glass gauge the velocity of 
the steady draught was obtained. On the first grid used, the wire lay alter¬ 
nately on each face of the mica frame. Calibration curves of this grid for 
negative and positive velocities (sucked and blown air) showed asymmetry 
about an axis corresponding to V = 0 ; that is to say, the greatest resistance 
was found when V had a small value in one direotion, and fell off on both 
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positive and negative sides of this value. This occurred whether the grid 
wires were horizontal or vertical. A corresponding asymmetry was observed 
by Tucker and Pons* when they calibrated their hot-wire microphone, and 
is probably due to interference of the convection currents from individual 
wires, the resistance having its greatest value when the individual wires are 
experiencing the greatest " assistance 11 from the rest. In an endeavour to 
make a grid whose resistance should be independent of the direction of the 
draught, the wire was wound so that the exposed portions lay all on the same 
face of the mica frame, and therefore all in one plane When this was placed 
with the strands horizontal in the tube, the convection interference was a 
maximum when no draught was present, and its resistance fell symmetrically 
in nearly parabolic form, when an increasing wind from either direction played 
on the grid At about 4 cm per second a point of inflexion occurs (fig. 2) 
The first part of this curve corresponds to that obtained by Tucker and Paris 



" f Phil. Traos.,' A, val. 221, p. 380 (1021). 
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Ah soon as the investigation in the organ pipe was commenced, it was found 
that the resistance-drops near the mouth of the pipe were much beyond those 
whioh could be obtained with the tube and water tank, Accordingly, a 50-cm. 
wind channel was erected in the Carey Foster Laboratory, capable of producing 
velocities up to 500 cm per second with its £ h p fan In the experimental 
portion of the channel there was a “ static hole ” so that the pressure difference 
between the outside atmosphere and that caused by suction over the hole 
could be read on a Chattock tilting manometer The static hole was first 
standardised by comparing readings taken on it with those from a Pitot pair 
placed in the centre of the channel, the calibration of the grid was then 
completed in the channel The complete curve is shown in fig 3 , when 
V exceeds 40, the relation between V and dR becomes linear King,* who 
worked with a single hot-wire in these high velocity winds, found a linear 
relation to hold. The actual calibration aurve therefore incorporates the 
low-speed relation of Tucker and Pans with King’s law at high speeds. 



Before using the calibrated grid in the organ pipe, one more experiment 
was necessary The relation found by Richards that the steady drop in a 
* * Phil. Trans ,’ A, vol. 214, p 373 (1914). 
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8 H alternating draught was proportional to the maximum velocity in the 
8 HJ1, required extending to the linear part of the R V curve, as his results 
cover the curvilinear part only That the relation holds over the entire 
portion of the curve required in Ihese experiments (up to V — 100) was verified 
by oscillating the grid in a direction at right angles to the plane of the frame 
on the piston of a rcci prorating engine, at large amplitudes and frequencies 
Values of the maximum velocities calculated from the formula V - - 2 tt>w 
appear as crosses on the steady draught curve of fig 3 As the motion in the 
organ pipe is not always even approximately simple harmonic, but is repre¬ 
sented by a Fourier senes of decreasing amplitude and increasing frequency, 
it may be inquired what is the equilibrium velocity which the grid registers 
under such conditions A few results were obtained when the grid was rocked 
by moans of a double cam at a large amplitude of frequency n, superposed 
on an oscillation of frequency 2/i and smaller amplitude, imitating an open 
pipe with fundamental and first, harmonic The resistance attained by the 
grid represented that due to the fundamental, slightly reduced by the presence 
of the overtone, but no simple relation could be found, consequently the calcu¬ 
lations of amplitude made are confined to the pure tone of the stopped wooden 
diapason 

The grid was now ready for use in the stopped organ pipe, which was of 
square section E5 cm, wide and 75 cm. from upper lip to stop, the mouth being 
fl by 2-25 cm. high ; the material, pine (A section across the mouth of the 
pipe is shown in fig 7 ) The grid was supported by two thin connecting wires 
at opposite corners, let into the pipe to the requisite distance The pipe was 
supported horizontally (though it was found that it made very little difference 
if it was vertical), the heating current adjusted to give a resistance corre¬ 
sponding to V = 0 on the calibration curve, the pipe blown at constant 
pressure (assured by an adjustable valve between the wind chamber and the 
mouth), and, after a few seconds, the new resistance found on the Post Office 
box. From this resistance the corresponding V, and from the known fre¬ 
quency the amplitude of the vibration was calculated A series of readings, 
taken when tho pipe was sounding its fundamental, is shown in Table II 

The alight drop in amplitude roupd about x = 50 seems to indicate a trace 
of the second harmonic, though this could not be detected by ear Fig. 4 
shows the variation of amphtude along the pipe at various blowing pressures, 
in the form of V: x curves. At 5 mohes pressure both fundamental and second 
harmonic were sounding well; at 10 inches only the latter could be heard, 
eo that this curve represents the “ overblown" state. 
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Table II.—Blowing Pressure 1 - S inches* Water. Frequency 105 


Distance x 

Gen tame Ires 
from Stop | 

Zero 

Resistance 

Blown 

Reals Unce 

V. 

a in 

Millimetre!. 

3 

85 56 

85 58 

0 

0 

6 

85 fl 

85 40 

0 02 

0 0003 

0 

85 48 

85 40 

0 1 

0-0015 

12 

85 5 

85 4 

1 8 

0 0273 

15 

85 5 

85 17 

2 28 

0 0346 

18 

85 5 

85 1 

2 35 

0 0356 

21 

85 5 

84 95 

2 55 

0 0386 

24 

85 5 

84 8 

2-75 

0 0416 

27 

85 5 

84 72 

2 85 

0 0431 

30 

85 5 

84-08 

2-56 

0 0386 

33 

85 6 

84 7 

2 9 

0 043 

36 

85 6 

84 5 

A 

0 0463 

30 

85 5 

84 38 

5 1 

0 047 

42 

85 5 

84 4 

3 05 

0 0465 

45 

85 6 

84 05 

3 25 

0 040 

48 

85-5 

84-77 

2 6 

0 0430 

51 

85 5 

84 46 

3 

0 0405 

54 

65 5 

84 5 

3 

0 0456 

57 

85 5 

84 0 

2 6 

0 0305 

00 

85 5 

82 8 

4 8 

0 072 

63 

85 5 

80 05 

10 

0 110 

66 

! 85 5 

70 

16 

0 242 

60 

, 85-5 

73 

08 

l 03 

72 

85 5 

! 72 55 

76 

MS 


* In common with current musical practice, these pressures ire given in inches 


Fig 4 makes it obvious that the simple sine relation for the change of 
velocity or displacement amplitude along the pipe is far from being satisfied 
at the mouth and for a considerable distance along the pipe. While the 
formula y = oq sin 27 tm 4 sin ( 27 te/ 4 L), where L represents the total distance 
from node to antinode, fits the experimental results for a fraction of the length 
of the pipe, varying from f to 1/10, os the pressure measured from the node 
is increased, beyond this point (marked with an arrow in fig. 4), the motion 
suffers a rapid magnification as the mouth is approached, due to the circu¬ 
lation of the vortices at the mouth It appears that the circulating air in 
these vortices contributes nothing to the pressure variations in the pipe itself. 
If T represents the average strength of the vortices, which observation shows 
are formed by the air, issuing from the slit of the mouthpiece, with the same 
frequency as that of the pipe to which they are 11 coupled,’ 1 we can represent 
the consequent motion in the pipe under the form ; 

y =» oo sin 2 nnl sin (2tcf/4L) + 
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k is a function of the blowing pressure and the shape of the mouth In a 
well-voiced pipe the stream of air is carefully directed on to the upper lip; 



Fia 4 

any misdirection of the stream into the interior of the pipe will increase the 
circulation at the expense of the intensity of the sound produced by the pipe* 
In order to hud to what extent the air near the mouth was in rotation, a 
single hot-wire, stretched between two brass rods, mounted on a micrometer 
screw, was made to traverse the width of the pipe, the wire being kept parallel 
to the mouth, first on a level with the upper lip and at another level an inch 
above thiB Readings of the steady resistance drop were taken every few 
millimetres of each traverse After calibration of the hot-wire in a steady 
draught, the velocity distribution across the mouth, shown in fig. 5, was 
obtained. Herein we see that about 00 cm./sec. of the integrated 
velocity given by the grid is due to actual oscillatory motion of the air (that is, 
if the motion is truly two-dimensional, i.e. no rotation in planes parallel to the slit). 
Traversing the pipe at a point higher up, e.g. t at 15 cm. from the upper lip, 
variations of a few per cent, only in the resistance were found, while beyond 
the region of circulation a constant resistance drop across the section was 
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found. Even after subtraction of the circulation, the whole of the remaining 
amplitude near the mouth wouJd not contribute to the pressure changes in the 
pipe, because the cross-section enlarges rapidly at the mouth 

Possible Errors in the Use of ths. Qnd. 

It hoa been shown that a grid may be used to measure the maximum velocity, 
and, therefore, the amplitude of an oscillating draught. The question arises 
whether it accurately measures the " stationary vibration ” in an organ pipe 
of the type used here. The possible sources of error presented themselves 
as follows ,— 

(1) Vibration of the wire composing the grid 

(2) Obstruction of tho motion of the uir in the pipe by the grid frame, in 

spite of its tenuity. 

(3) Effect of the thickness of the wire composing the gnd 

(4) Effect of the temperature changes in the pipe which accompany the 
pressure changes 

The possible motions of the wire itself under the action of tho pipe group 
themselves under two heads. Besonance with tho pipe tone, and iEolian 
tones. Owing to the fineness and short length of the wire, tho pitch of its 
fundamental was usually very high, beyond the range of the lower partials 
of the pipe. Any sympathetic response by the wire of a particular grid to the 
note in the pipe would have manifested itself by abnormally largp resistance 
drops, compared with another grid m which the tension happened to be 
different The jEolian tones of a wire are produced only at definite and 
steady values of the wind velocity,* and have also the natural frequencies of 
the wire In an alternating draught of the organ pipe they would not be 
maintained. In the steady draught of the wind channel they would, if 
produced, show an abnormal resistance drop 

To test tho second point, i e. whether tho frame obstructed the motion, 
single platinum wires were stretched straight across the pipe at a number of 
points, bo that theiT leads projected a millimetre or two merely into the pipe, 
and the holes made for the leads well sealed up with wax. These straight 
hot-wires were cab bra ted in ntu ; the stop was replaced by a wide connection 
to the aspirator, converting the pipe into a miniature wind channel The 
results axe shown in fig 4, and also, by crosses, in fig. 6, and indicate that 

* V would have to exceed 5,000 la the case of the 0‘001-inch wire before an ASoUan 
tone could be produced (c/, ‘ Proc, Fhyi Soc vol, SO, p 166 (1024)). 
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the original grid does give rather low results, compared with the straight wire, 
though the former seems to preserve the correct proportion down the pipe. 



In measuring small oscillations where the amplitude is comparable with the 
thickness of the wire, an error may arise in the sense that a thick wire may not 
measure the whole amplitude given by V -- 27Wia. Accordingly, beside the 
0'001-iDch straight-wire grids, others of wires 0 002 inch and 0 001 cm. were 
tested A comparison of the readings of these different wires in the non- 
turbulent region of the pipe, blown at 1 8 inch pressure, appears on fig 8, 
The two thinner wirefl give practically identical values at the same place 
in the pipe, while the 0 002-inch wire registers a somewhat lower value. 
A 0 001 inch wire seems therefore sufficiently fine for our purpose, and can 
stand a reasonable strain It must be remembered that an organ pipe is a 
rather unstable source of sound The mere removal and replacement of the 
wooden stop is sufficient to produce changes in the amplitude, especially at 
the point (a; 54 cm ) where the second harmonic has a node. This accounts 

for some of the variation noticed between different grids, or between the 
readings of the same grid on different occasions. 

With the pressure variations in the pipe, there is a simultaneous change in 
the temperature of the air, deducible from the adiabatic rale, which will affect 
the resistance of the grid, apart from the cooling due to the air currents which 
one claims to measure. The temperature change in the node of a stopped 
pipe was measured by Neuscheler* using a 0-001-inch Wollaston wire at 
150° C., the oscillatory change in resistance being observed The maximum 
estimated temperature change was 013° C., corresponding to a pressure 
variation in the node of 0-0155 atmosphere, the pipe being blown at 


* * Ann. d. Physk, 1 vol. 36, p. 131 (1*12). 
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5 inches water. Pressure and temperature (T) are connected by the relation 

v _1 T< 

ST —-d S® Taking the temperature coefficient of resistance* of platinum 

T V 

as 40 X 10~ 4 , this would produce a resistance change of 4 X 10 4 ohm, winch 
can be ignored in comparison with tbe cooling effect observed in the method 
of this paper It is doubtful whether the indications of a resistance thermo¬ 
meter oftn be relied on in such small but rapid fluctuations, in spite of the 
careful technique developed by Neuscheler In a recent paper, Fiicbp and 
Waetamaun* claim that such a " thermometer registers a fraction (depending 
on the fineness of the wire) only of the temperature changes in an oscillation 
of 100 periods per second ’’ 

Calculation of Pressure from Displacement Amplitude 
Following Topler and Boltzmann, wo cam if we wish, calculate 
from the amplitude a 0 at the mouth the total pressuxo change at the 
node during the period, using the elementary theory The instantaneous 
displacement at a- being given by ^ sin 2-nrti sin (2tt x/4L) the 

density ^ 1 — ^ = 1 — sm 2nnt cos , where the normal density is 1. 

Using the adiabatic relation between density and pressure, and taking the 
normal pressure — 1 atmosphere, we And the total pressure change at 

x twice the pressure amplitude . cos (y — ratio of specific heats), 

In fig, (5, if there were no circulation, and the graph had continued in sine 
form to the mouth, at, the antirode would have been 6 cm /sec., and 

therefore the pressure change at the node = ~ ^ V m „ = 0 000086 V r mu 

e c 

— 0*0003 atmosphere, considerably lower than in the organ pipe of Raps. 

Open Pipe . 

In an open pipe, a considerable proportion of tbe resistance drop is due to 
the through current of air. Results for the upper half of the same pipe, with 
the stop removed, appear in fig 4 After subtraction of the 15 cm./sec. 
ctf draught at the central node, the remainder indicates increase in suic form 
to the open end. 

A simple open tube without mouthpiece m which the sound is maintained 
by the heat of the grid itself, on tbe principle discovered by Rijke.f forma on 
* ' Ann. d Phyflik,' rol. 76, p 30 (102fi) 
t 1 Aim. d. Physic,' vol 107, p. 339 (I8fl9). 
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interesting subject for investigation. An iron wire gnd, passing 3 amps., 
placed in the lower half of a brass tube, round which oold water circulated, 
caused it to sound its fundamental when the grid became red-hot When a 
small hole was opened at the central node, the leak of pressure stopped the 
sound. Simultaneously, a fall of a few per cent, m the resistance of the gnd 
was noticed, representing the magnitude of the effect of the oscillation which 
had been imposed on the upward draught. This Rijke tube is more readily 
examined through the oscillatory change of resistance, and so will be dealt 
with in a later paper. 

Sound Wawis in Narrow Tubes 

The propagation oi sound waves in narrow tubes in which viscosity may 
be expected to play a part has been dealt with by Helmholtz, Kirchhoff, and 
the late Lord Rayleigh * Measurements of the velocity of sound under such 
circumstances (by German and American scientists), and of decay of amplitude 
along the tube (by Simmons and Johansenf), have been almost entirely 
confined to comparatively wide sections, in which the layer affected by viscosity 
can only be a small fraction of the diameter. By using a tube 0-17 cm. in 
diameter, and "aural frequencies," the writer hoped to have the main body 
of air in the tube moving under viscous retardation Simmons and Johansen 
produced slow harmonic motions of the an at one end of a rubber tube (either 
4 75 or 9*53 mm diameter) by means of a large piston operating into a 
reservoir Different lengths of the rubber tube were taken and the transmitted 
pressure measured by a diaphragm gauge which rocked a mirror. To produce 
the waves, in the work about to be described the oscillating engine previously 
described was used to produce displacement waves The piston was made 
to oscillate the air in a little cylinder, having a brass tube leading out, to 
which the rubber tube could be adapted. At the other end of the rubber tube, 
1*7 mm. diameter, a similar adapter of the same diameter led to a box, 20 cm 
long, open at the other end, made to hold the platinum grid, which was placed 
about 4 cm, from the point where the narrow tube debouched on the wide 
box With various lengths of the tube from the shortest possible up to 1 m,, 
the amplitude transmitted to different distances from the source was found 
by the usual method of measuring V mu . No evidence of resonance in the 
box at these frequencies was obtained Four frequencies and four initial 
amplitudes were used, and the 16 curves so obtained are shown in fig. 8, 

* ' Phil. Mag.,' Vo], ], p. 301 (1901). 

t ‘ PhlL Mag / vol, 60, p, 653 (19126). 
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A theory accounting for the observed decay ao the waves traverse the tube, 
together with the resonant lengths, may be developed by assuming the walls 



(i)n • 390 lz)n-«* Ojn-esz wn 9*o 

Fui B* 


of the tube to exert a dragging effect oil the air in their immediate neighbour¬ 
hood. Starting with the Eulcrian equations of motion : 


p l =_ l +,iA “' ete ' 


(i) 


with the equation of continuity: 


5u Sd 
8x 


+ ¥-«• 


( 2 ) 


Prandtl assumes that in a medium of small vi&coBity like air, the operation of 
the viscous forces is restricted to a thin layer adjacent to the boundary In 
this " boundary layer,” the tangential velocity u falls very rapidly from the 
mean velocity m the body of the fluid to 0 at the boundary, in a fraction of 
a millimetre ; the motion in this layer is approximately stream-line even when 
it is turbulent outside These assumptions have the experimental support of 
Stanton and Marshall,* one of whose curves u shown in jig. 8, exhibiting the 


• 1 Hoy. Sue. Proo,,’ A, vol. 07, p. 419 (1030). 
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velocity gradient across the channel m which air is flowing. A new co-ordinate 
is taken across the tube = y/c, where e is a small quantity, bo that tj = 0 
at the boundary and infinity at the outer edge of the layer. For simplicity 
he treats the motion as two-dimensional in planes at right angles to the wall, 
and the assumption of stream-hne motion in the boundary layer allows him 
to neglect v or o, in comparison with u The friction being entirely in this 
thin layer requires a new and larger co-efficient than that given by Foiseuille's 
law ; it is found that, with the above change of co-ordinates, it is necessary 
that [l = pjt*. PrandtVa equations finally become 


*!? i „ i"- 

8! t " 8i 


"’id* "s: + fll 8V "a? 


(3) 


or, with the further approximation, 

tf . = 0 

Sx Atj 


^=0 and 0 ,^ 0 , 


1 Sp . 


(4) 


"St p 8x 1 1 8*) 

which is the equation we can apply to the propagation of waves in pipes 
Putting u, — Ce iUtJ + and = Ce 1 " 1 the applied alternating velocity pro¬ 
duced by the piston at x = 0 Outside the boundary layer — - ^8 == ^ 

p 5x ot 

approximately, where u — the mean velocity along the tube at this point. 

Prandtl has considered the stationary state, where ~ = 0 Equation (3) is 

31 


/ v l 

then unchanged on multiplication by -h if l represents the length of 
boundary against which the fluid rubs. In the case of our S.H M , this quantity 
is represented by a, and u by 2ima. Then the factor ^^ — k \J ^ 
represents the order of the dragging effect on the fluid, %,e. the thickness of the 
boundary layer is proportional to 


Inside the boundary layer, let us put 

with/(0) = — C to satisfy the boundary condition. 
Then putting u = u x + w'm (3), we obtain 
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whence _ 

/(y) = -Ce ±(1 + 1, ’>V'£; __ 

u = C l*n [1 - e - ,, + ‘>Vlj; t] e”‘ 


The second term in the bracket represents the extent to which the motion 
ib dissipated by friction during propagation, and shows that, as might have 
been guessed, it is the thickness of the boundary layer which determines the 


rate of decay 

Equating the tangential force on unit length of the tube — \x l 2ntw to the 


difference of the forces on a corresponding section of air ; 7ro a 



and 


using the sound-wave relation . 


I( 


-11(5 

E)= C >1(-) 

8/ V 

v Po Sx' 

Po '5 

l 1 8* \9x' 


We get 



This corresponds to the formula obtained by Rayleigh and others, save that 
their v is replaced by Vj, the valuo of which will be determined by the 
experimental results. Incidentally (5) shows that the velocity of sound in 

the tube is (l — \/'— ‘ o, as against c in free air. (5 a) 

\ V n 2o' 


For convenience, wc now modify our expression for u and put 
u = Qe int % { * + ** ) * 1 


and in accordance with (5) we must have 



In our tube we have both incident and reflected waves, and a particular 
Bolution to satisfy these conditions is 

x = M [c" ** sin — i]/x) + a"* (2J “ am (nt — ^2 1 — x)] 

+ N [e “ ** cos (nl — |bj) + e (2/ “ g) cos (nt — <J;2Z — x)] 

™ V B sin [nt — + w), say. 

Substituting the initial condition, tt = V 0 sin nl at x =* 0 P we find 
V 0 cos 6 = 2Me - * 

V 0 sin 0 =■ 2Ne ~ **, 


yoL cxn —A, 
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Substituting these values for M and N, we get at x *= l the value of the 
maximum velocity at this point, 


_ Vo h-** 

y/ (1 + 2e~ *** cos 2^2 + e ' 


Resonance will occur at a value, L, of the length of the tube, given by 
cos 24 , L = —1, and the amplitude m such cases will be 2e~* L approx. 
As ^ involves in a term forming a small fraction of the whole, we should 
not expect its value to affect the positions of resonance to a great extent. 
In fig 8 wo find the experimental resonance positions corresponding with those 
plotted from the Rayleigh formula, with v -= 0 15. For the same initial 
amplitude, the amplitudes at resonance average half tho Rayleigh values 
Simmons and Johansen found in one case resonance at the same length as 
the Rayleigh theory but with amplitude 0 - 420 of tho theoretical The loganthm 
of this amplitude ratio will give us tho approximate ratio of \/v to -y/vj" In 
the present case a value of 1 3 instead of 0 15 is indicated The value of this 
coefficient will be a function of the roughness and elasticity of the material 
of the tube, as both these factors affect tho thickness of the boundary layer 
and reduce the maximum amplitude attainable on resonance. The above 
treatment is an attempt to account for this. Several experimenters on the 
velocity of sound in narrow tubes agree that the formula of Helmholti 

o' = t (1 — ^ j-) (cf equation 5a) can be made to fit experimental results 

\ 2a yn/ 

if a larger coefficient is put instead of the viscosity jjt. 


Absorption Coefficients of Materials 

We can investigate the change of amplitude, by means of a grid, at a point 
in a cylindrical resonator when different materials are placed at the b topped 
end, and, from the change of amplitude, we oan gain information of the absorbing 
qualities of tho material of the stop to the waves which are incident upon it 
from the source of sound at the open end of the resonator Although observa¬ 
tions of absorbing power are more accurately determined by experiments with 
a large partition between two chambers, when tune and expense have not to 
be considered, yet Taylor* by a small-scale methodf has obtained results in 
good agreement with these His plan was to Bend waves down a long resonator, 
which by reflection at the stopped end formed nodes and loops in the tube. 

* 1 Phys. Rev,,’ vd. 2, p. 270 (1013). 
f First suggested by Turns. 
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The relative intensities in these nodes and loops was reduced by placing absor¬ 
bent material against the stop , these intensities were measured by a long 
search-tube connected to a Rayleigh disc resonator pushed down the pipe 
until the maxima and inmima were discovered This gives a measure of the 
relative amplitudes in the incident and reflected waves. In the present research 
the grid (either in the reticolate or, better, the straight-wire form) is placed 
at any convenient point in the pipe, consisting of a wooden box of about the 
same size as the organ pipe to which it resounded Values of V mu were found, 
first (Vj), when a thick varnished wooden stop 12 cm deep was fixed in 
the end, and again (V a ) when the face of the Btop was covered with material. 

It was essential that the stop tightly fitted the pipe under all circumstances, 
and the stop was adjusted so as to bring the surface of the material to the 
same point in the tube From the ratio Vj/V a we can calculate the ratio of 
the incident and reflected amplitudes, assuming the thick stop to be a perfect 
reflector 

Taking the equation for an incident progressive wave as 


y = a sin a) (f + x/c), 

where x represents distance from the stop, the equation of the reflected wave 
will be 

y = — b am ci) (t — x/c). 


Here a and b ore the amplitudes of the incident and reflected waves, respectively. 
Cose 1.—Perfect reflector, a = b Resultant amplitude at x t 
y x = 2u cos (of sin (2ra/X). 

Maximum value of velocity in S.H,M., 

V t £= — 2 a Li am 2 ttx/X. 


Case 2 ,—b < a Resultant amplitude at t, 

y t -= (a — b) sin to< cos 2rcx/X + (a + 6) cos aif sm 27tx/X. 
Maximum velocity, 


, Vi 

' V 9 

find. 


V. - 


(a - b) ‘ x (a + b) 2 


am 


;]• 


\/l -<• bP[a % 


(1 - bja) 2 cot 2 tt x/i -f (1 + 6/a) 1 


Put bja =■ 0, which we want to 


Vi 

V t (1 - Q) B cot 2rcc/1 + (1 + 0) 1 ’ 


(The 11 absorption coefficient]” of= 1 — 0.) 


2 o 2 
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This equation may be solved by putting an approximate Value (1*6) for 
VT+ 0", or by plotting V B /V X from trial values of 0. This has been done 



in fig 9 for a number of values of 27ux/X,* from which we see that judgment 
is needed to get sensitivity, in selecting tbo distance x at which the measure¬ 
ments are to be made. Results are shown in Table TV, making use of this 
graph and values for similar materials from Taylor's and other researches. 
By obviating the employment of Taylor’s long search-tube, with its consequent 


Table IV. 


Material 

Grid at * = 12 
n — 104 

Grid at * = 23 
a m 104 

Grid at * « 12 
* = 316. 

Avenge 
results of 
other 
workers 


V./V, 

a 

v,/v, 

a. 

v B /v x 

a. 

a 

If-inob hair IbU 
{-Inch hair felt 

1- inch an beet to* 

2- lnoh cork 

4-rnoh oabot quilt 
{•Inch carpet , 

0 BO 

0 BOO 

0 BOO 

0 BOO 

1 03 

0 60 
0-21 
016 

0 2 
0-70 

O-Bfl 

0 BO 

0 B7 

o m 

0 BOO 
0-030 

0 040 
0-16 

0 12 
0-3 

0 7 
0-34 

0-S7 

0*06 

0-04 

0 06 

0-08 

0 2 

0 23 
0-72 

0 65 

0 2^(Hach) 
0 0 

0-20 toO 60 


* Denoted by $ m the figure. 
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interference with the motion and the uncertainty of what 10 happening in the 
search-tube itself, it is hoped that the present method is an improvement. 

Summary and Conclusions. 

The steady drop of resistance of a hot-wire gnd is suitable for the study 
of the amplitude of vibration in organ pipes, without cutting into or specially 
adapting the pipe, and in the form of a single wire offers the minimum dis¬ 
turbance to the motion, The method is also adapted to measurements of the 
decay of sound in narrow tubes and of absorption coefficients of materials. 

An instrument is much needed in applied sound at present that will give 
absolute measurements \n free air of sounds of any frequency. If the above 
method were employed to measure amplitudes in the open &ir 7 it would only 
be of use for very loud sounds All local air currents would have bo be obviated, 
as any attempt to cover the gnd would introduce resonance effects Supposing 
that all air movements other than those due to the passage of the sound 
were eliminated, the greatest V miE which could be read with accuracy 
is 2 cm./sec., corresponding to amplitudes of the order 10 _S cm. at a 
frequency of 100, whereas the ear can detect amplitudes of 1CT 8 om at 
this frequency. When pressure amplitude is required, a manometno capsule 
with a mirror recorder instead of a flame can be used, but, being less sensitive, 
la of no use in the open air. 

My thanks are due to Prof A. W Porter, D.Sc., FHS, for giving every 
encouragement to this work, and to Mr. R C, Richards, BA, M Sc., lor 
giving me a more complete account of h*s work than appears in the paper cited. 
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The Solubility and Rate of Solution of Oxygen in Silver. 

By E. W. R Steacie, M.8c , Ph D. f and F. M, G. Johnson, M 9c., Ph.D p 
McGill University, Montreal. 

(Communicated by Prof, A. S Eve, F R.8.—Received May 25, 1920 ) 
Introduction 

A large number of investigations have been made on the solubility of gases 
in metals, and on the rate of diffusion of gases through metals Hydrogen- 
platinum and hydrogen-palladium arc, however, the only systems which have 
been thoroughly investigated The behaviour of these systems is such that 
thoy can by no means be regarded as typical The system oxygen-silver 
was chosen as a more typical one which was suitable for purposes of investigation. 
The rate of diffusion of oxygen through silver has been measured by Johnson 
and L&rose * This paper deals with the solubility and rate of solution of 
oxygen in silver. 

Historical 

It has been known for a long time that molten silver will absorb oxygen from 
the air and will " spit" on solidification Sieverta and Hagenackeif found 
an absorption of 20 volumes of gas pet volume of silver at the melting point 
The solubility decreases as the temperature increases beyond the melting point 
The absorption is proportional to the square root of the pressure Dumas} 
showed that a portion of the oxygen is retained by silver on solidification, He 
obtained 57 c o. of oxygen from 1 kilogram of silver. BraunerJ found that 
0*04 volumes of gas were retained on solidiflcatioiL Richards and Wells|| 
found 0 6-1 -8 volumes. Graham^ found that silver takes up oxygen at a red 
heat. He obtained an absorption of 0 7 volumes, Neumann** found a some¬ 
what larger absorption, while Berthelottt obtained a smaller value More 
recently Sieverts}} obtained an absorption of 0 5 volumes of gas per volume 

* ‘J. Am Oh am. Sac va] 40, p. 1377 (1924), sod unpublished results, 
t 1 Zeil. 1 Phynk. Chem./ vol. 68, p 115 (1910). 

J 1 Oomptes Rendus/ vol. 80, p. 08 (1878) 

S ' Bull. Acad. Belg./ vol. 18, p. 81 (1889). 

(| 1 Zmt. Anorg Chem.,' vol. 47, p. 79 (1900), 

If 'Roy Soo. Proo./ vol. 15, p. 502 (1860) 

■* 1 Manats, f. Chorale/ vol. 13, p. 40 (1892). 
tt'Ann Chlm Ffays / vol 22, p 280(1901) 

1 Zott. pbyvik. Chem./ vol. 00, p. 129 (1906). 
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of ulver His results, however, do not check closely and he does not place 
much confidence in them himself 

All that can be concluded, therefore, from previous work is that sobd silver 
absorbs a small amount of oxygen. 


Description of Apparatus, 

In principle the apparatus was extremely simple, A definite volume of gas 
was introduced into a bulb of known volume, which contained silver foil, and 
was connected to a manometer. At any temperature the pressure of the gas 
in the bulb oould be calculated from the gas laws If any absorption took 
place, the observed pressure would be Uss than that calculated, and the difference 
between the two pressures would be a measure of the absorption 

The apparatus is shown in fig. 1 Three bulbs, A, B, D, were contained in 



Fia, 1.—Absorption Apparatus. 

an electric furnace F, The bulb A was filled with air and led to a thermal 
regulator, D was part of a constant-volume gas thermometer. The third 
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bulb B contained silver foil The bulbs and connecting tubes were made of 
either Pyrex glass or of quartz, and were connected to the remainder of the 
apparatus by means of de Khotinsky cement 

The bulb containing the silver was connected, through the tap E, with a 
manometer IJ. A glass pointer M was scaled into the top of the tube J. By 
means of the tapB H and K either the silver bulb or the gas thermometer could 
be connected to the manometer The volumes of the tube J from the pointer M 
to the tap E, of the capillary tube from the tap to the furnace, and of the bulb 
containing the Bilver were all known 

The tube J was connected to one arm of a two-way tap 0, The other arm 
of the tap led through a phosphorus pentoxide tube to the gas reservoir R The 
tube S led to another two-way tap U One arm of U led to a mercury container 
W, and the other led through three phosphorus pent-oxide tubes to the gas 
supply Z and the pumping system Y, The bulb V was inserted to catch any 
mercury which might inadvertently be let through the tap U 

In carrying out an experiment, the bulb containing the silver was connected 
to the pumping system by means of the tapB E, 0, U and Y, and the whole 
system was evacuated The taps E and 0 were then dosed. The tap U was 
turned so as to connect 9 with the mercury reservoir W, and mercury was 
allowed to rise and fill the tube 8 8 was then connected to the gas reservoir R 

by means of the tap O, the mercury reservoir was lowered, and gas was drawn 
into 8. 0 was then turned to connect 9 to the manometer tube J, and the 
mercury reservoir was raised, forcing the gas into J. The mercury was allowed 
to run up the tube after the gas till it took up the position shown in the figure. 
O was then dosed and K opened, connecting J to the manometer. The mercury 
was brought to the lower pointer N and the pressure was read. Then, knowing 
the volume of the tube and the room temperature, the volume of the gas under 
standard conditions could be calculated. 

The tap E was then opened and the gas was admitted to the bulb. The 
mercury level was brought up to M aud the pressure read, after equilibrium had 
been reached. The absorption was then calculated from the difference between 
the calculated and the observed pressure. 

Measurement of Temperature ,—The temperatures were measured by means 
of the ordinary type of constant'volume gas thermometer DGHI The 
bulb D was filled with nitrogen By means of the taps H and K, the same 
manometer was used for the absorption apparatus and the gas thermometer. 
The thermometer was checked at 0° 100° C., and at the boiling point of 

sulphur 444'7° C. The maximum divergence waflO-2 6 C. In calibrating at 
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the boiling point of sulphur, the procedure recommended by Meissner* was 
followed. 

Electric Furnace .—A 15-inch length of 2^-inuh iron pipe was covered with 
asbestos paper and then wound with 18-gauge ruchrome wire, the turns being 
about J-inch apart This was covered with another layer of asbestos paper 
and packed m an iron container with loose asbestos The tubes were placed in 
position in the furnace and the top was covered with a layer of " asbestos 
cement " The high heat conductivity of the iron ensured an even temperature 
throughout. The furnace would maintain a temperature of 1000° C. with a 
power consumption of 600 watts 

Temperature Regulation ,—The temperature was controlled by the usual type 
of thermal regulator, using air as the expanding medium. The circuit was 
arranged so that only about 10 per cent, of the current going to the furnace 
was cut out by the regulator The temperature could be kept constant to 
within 1-2° C. 

Pumping System —At the conclusion of an experiment the tap K was shut 
and E opened The two-way tap O was turned so as to connect the tubes J 
and 8, and the tap U so as to connect 8 to the mercury reservoir W. The 
reservoir was lowered and the mercury in J and S was allowed to run out. 
O, U and Y were then turned to connect the bulb containing the silver to the 
pumping system, 

The pumping system consisted of a two-stage mercury vapour condensation 
pump, backed up by a Hyvao pump. A McLeod gauge was used to indicate 
the pressure. If it was desired to collect the gas pumped out, a Toepler pump 
was used as a fore-pump instead of the Hyvac. The gas from the Toepler 
pump was collected in the usual manner, transferred to an apparatus of known 
volume, the pressure measured, and the volume of the gas calculated 

Silver —Four samples of Bilver foil were used which were, approximately, 
0 ■ 10, 0 ■ 15, 0 30 and 0 -15 mm. thick, respectively. The first two samples were 
of commercially pure silver Analysis showed them to contain O'02 per cent, 
copper, 0 001 per cent, iron, and 0-005 per cent, lead The presence of tin, 
bismuth and antimony could not be detected in a 5-gram sample. For the third 
and fourth samples the same metal was purified by one of the methods of Stas f 
The metal was dissolved in mtnc acid and the solution diluted with water and 
allowed to Bettle. Silver chloride was precipitated from the filtered solution 
by the addition of hydrochloric acid, The silver chloride was boiled with 

* 4 Ann Phyt.,’ vol. 30, p. 1230 <19131- 
t ‘ Mem, l’Acad. Belg vol. 39, p. 1 (1860). 
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hydrochloric add and washed with water until free from acid. It was then 
reduced to the metal by boiling it with invert sugar and sodium hydroxide. 
The precipitate was thoroughly washed with hot distilled water and fused to a 
button in a crucible under borax. The button was cleaned by scrubbing it with 
sand and was rolled out into a sheet, The punBed silver gave, on analysis, 
0*004 per cent copper, 0-001 per cent lead, and a trace of iron 

Gates .—The nitrogen used was the ordinary commercial variety, supplied 
in cylinders It was bubbled twice through alkaline pyrogallate to free it from 
oxygen, dried by bubbling through concentrated sulphuric acid, and stored 
in the gas reservoir over phosphorus pen to Jade. 

The oxygen was also the commercial variety It was dned in the same way 
with sulphuric acid and phosphorus pentoxide. 

Experimental Procedure. 

Prior to making an experiment, the furnace was raised to a temperature of 
about 560° C in the case of thePyrex glass apparatus, or 750° C.with quarts, 
and the bulb was evacuated continuously for 6 to 8 hours. The silver was 
allowed to stand in vacuo over mght, and the next morning the bulb was again 
pumped out for about an hour. 

The tap next to the bulb was then closed, and gas from the reservoir waa 
admitted to the tube and measured as previously described. The gas waa then 
let into the bulb, and after equilibrium had been reached the temperature and 
pressure were read. A series of observations was made without changing the 
gas At high temperatures equilibrium was quickly reached, at temperatures 
around 200° C„ however, several days were required for equilibrium. 

At the conclusion of the experiment the bulb was again evacuated continu¬ 
ously for several hours, and the gas pumped out was collected and measured, 
and the volume compared with the volume originally admitted to the bulb. 
If any discrepancy between the two volumes existed, the results were discarded. 

This long-continued pumping out is absolutely essential in order to obtain 
consistent results The last traces of the gas are only very slowly removed 
from the silver. This point has, however, been overlooked by the majority of 
investigators. 

Preliminary Ernsts 

Some preliminary results were obtained with a simplified form of apparatus. 
They did not agree very well And several sources of error had to be eliminated. 

(1) Originally a quartz, nitrogen filled, mercury thermometer was used. If, 
however, the temperature of the furnace was not even throughout, this wotold 
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only indicate the temperature of one particular place What ib really needed 
for purposes of calculation is the mean temperature of the bulb containing the 
silver. The mercury thermometer was accordingly replaced by a gas thermo¬ 
meter The bulb of this was made the same size and Bhape aa the bulb containing 
the silver and was placed next to it In this way the gas thermometer auto¬ 
matically compensated for any irregularity m the temperature of the bulb 
containing the silver. 

(2) During preliminary experiments the tap between the silver bulb and the 
short arm of the manometer was left open. It was found that there was a bIow 
steady drop in pressure amounting to about I mm. per day The only possible 
cause of this appeared to be oxidation of the mercury, This idea was supported 
by the fact that there was a small reddish-brown deposit on the walls of the 
capillary tube )ust outside the furnace 

A blank experiment was tried with an empty bulb at 500° C,, and it waa 
found that about 0-lcc of gas disappeared in 10 days, but no oxidation was 
detectable if the bulb was kept at room temperature The drop in pressure is 
apparently due to the oxidation of mercury vapour m the bulb The oxide 
then distils out and condenses in the colder part of the apparatus, more mercury 
vapour diffuses in and the process goes on continuously. By keeping the tap 
between the bulb and the mercury surface closed between readings, the difficulty 
was overcome and no further drop in pressure was noticed. 

(3) A further difficulty was met with in connection with the use of tap grease 
on the tap mentioned above Blank experiments showed a slow but appreci¬ 
able absorption of oxygen by the ordinary type of grease, consisting of rubber, 
paraffin, and vaseline A mixture of paraffin and vaseline did not absorb 
oxygen and gave satisfactory results. 

Sample Calculation 

In order to illustrate how the calculations wore carried out, the complete 
data of one experiment are given below 

Table I 


Volume of (N T P ) 2 OBfl o.o, 

K 0 8907 

Volume of gaj pumped out 2 981 o e. 


Boom temp 

| Pre*. obi ' 

T°C 1 

T K 

Frew, oalu 

Pros* dill 

C.o. aba 


U 0 6 C, 

| 76 66 


| 746 

Bl-74 

BIB 

0-188 

0-097 
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The volume of gas admitted to the bulb wu 2'980 c.o. under standard con¬ 
ditions, or 3 ■ 247 c.c. at room temperature. The total volume of the bulb and 
dead space was 5 222 c c Hence the pressure exerted by the above amount 


of gas at room temperature would be 


3-247 X 76 
5-222 


47-20 oms. 


Here we have a volume of gas which is all at the same pressure, bub the 
different parts of which are at different temperatures Now from the gas 
laws, 



T, 


= K, 


f Vol. of bulb j Vol of dead space \ 
tTemp, of bulb Temp, of dead space/ 


This equation will bold for any mass of gas m the apparatus Inserting the 
actual values in this case, we have, at 24° C , 


47 25 


(- 

V 2 


668 , 1 554 


297 


+ 


297 


:) = K. 


whence K = 0-8307. 

According to the table, when the room temperature was 24° C and the 
temperature of the furnace was 473° C, the observed pressure was 76 56 qma. 
If there were no absorption the pressure would bo given by 


P 


Z 3-668 1-554 \ 

\ 746 * 297 I 


0-8307, 


hence P = 81-74 eras. This is 5-18 cms. higher than the observed pressure. 
Hence an amount of gas has been absorbed which would be sufficient to exert 
a pressure of 5*18 cms. in the apparatus when the temperature of the bulb is 
473° C and the temperature of the dead space is 24° C Bringing this, to 
N T.P., we have, 

(1) For the gas in the bulb (at 746° abs )— 


5-18 X 3*668 X 273 
76 X 746 


0-091o c. 


(2) For the gas in the dead space (at 297° aba.) 


5-18 X 1 554 X 273 
79 X 297 


0*097 o.o. 


Total volume of gas absorbed == 0-188 c.o. 

The weight of Bilver in the bulb was 20-315 grams. Taking the density of 
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silver to be 10 ■ 5, this is equivalent to 1 *93 c c of silver Hence the number of 
o.c of gas absorbed by 1 c o of silver under the conditions of the experiment u 
0-097. That is, 0 097 volumes of gas at N T.P are absorbed by one volume of 
silver at 746° abs and a pressure of 76-50 emu. of mercury 


Exptrirnrvlal 

No apparent change took place in the silver used in the experiments exoept 
the development of a somewhat crystalline appearance on the surface due to 
evaporation The Pyrex bulbs turned a dark brown colour, apparently due to 
the presence of colloidal silver in the glass The quartz bulba developed a 
milky appearance. 

Owing to the large number of observations which were made, only the 
smoothed curve values are given in the following babies of solubilities The 
results for one series of observations on the rate of solution ore given in full 
The maximum divergence of any observation from the smoothed curve was 
about 0 per cent 

The results are discussed in the next section 

(A) SoLubdtfy of Nitrogen —No measurable absorption of nitrogen by silver 
was found between 200° and 800° C If any absorption takes place, it is cer¬ 
tainly leas than 0-002 volumes of gas per volume of silver This is to be 
expected, as it has been found by a large number of observers that nitrogen is 
not absorbed by metals except in cases where a well-defined nitride is formed 

(B) Solubility of Oxygon — 

Table II. 


5- 

200" C 

TV-300 0 C 

| T,= 400“ C 

500'C | 

j 

| T,= tKKTC 

L 

T.- 700 n C 

T t * 800 3 C 

]l 

vola 

1 

n/P/Q 

1 

vola 

Vp/« 

J vola j 

v'P/Q 

1 

vola 

•Jm 

voIb 

Vp/q 

vola, 

s/p/q 

vola. 

■Jm 

0 

0*030 

74 13 

0 021 

100 9 

0 020 

112*0 

0 022 

102 0 

0 033 

68 0 

0 048 

46 7 

0 086 

2A A 

10 

O'060 

63 4 

0-032 

90 B 

0-031 

102 3 

0 034 

93 2 

0 047 

67 5 

0 068 

46 6 

0-124 

25 6 

20 

0 071 

63*3 

0 040 

91 -U 

0 044 

102-3 

0 04B 

93 4 

0 066 

67*9 

0 096 

46-7 

017B 

25 6 

40 

0 100 

03 0 

0 070 

00 A 

0 061 

103 9 

0 067 

94 A 

0 093 

63 l 

0 134 

46 3 

0 247 

25-7 

00 

0 142 

03 2 

0 097 

91 7 

0 037 

103 0 

0 095 

94 3 

0 132 

67*9 

0 193 

46 5 

0-054 

U 3 
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(C) Rate of Solution of Oxygen,—* 

Table III 


TmUftl Prw | 
■un 

Temperature 

33 W 

260° C 

7 55 

310’ C 

13 >04 

310* C 

31 34 

310° 0 

30 51) 

310° C 

flfl IB 

810° C 

57 52 

310° C 

Time mins. 

Volumes Absorbed. 


0 00B 

0 0020 

0 003 

0 004 

0 007 

0-014 

0 015 

1 

0 011 

0 0038 

0 006 

0 013 

0 017 

0 024 

0 025 

2 

0 017 

0 0055 

0 009 

0 018 

0 020 

0 030 

0 035 

3 

0 020 

0 0065 

0-011 

0 024 

0 032 

0 030 

0 041 

4 

0 021 

0 0075 

0 013 

0 028 

0 038 

0 045 

0 046 

5 

0 027 

0 0080 

o-ou 

0 031 

0 042 

0 047 

0 051 

(1 

0 031 

0 0088 

0 010 

0 034 

0 045 

0 051 

0 056 

8 

0 034 

0 0100 

0 018 

0 037 

0 051 

0 058 

0 063 

in 

0*040 

0 0110 

0 020 

0 041 

0 055 

0 064 

0 007 

12 

O'042 

0 0120 

0 092 

0 0425 

0 050 

0 060 

0 073 

15 

0 040 

0 0135 

0 024 

0 0465 

0 062 

0 072 

0 078 

18 

0 000 

0 0145 

0 026 

0’050 

0 065 

0 075 

0-080 

21 

0 053 

0 0155 

0 027 

0 052 

0 067 

0-070 

0-082 

25 

0 067 

0 0170 

0 0285 

0 0535 

0*071 

0-078 

0 084 

Final 

0 068 

0 0225 

0 034 

0 058 

0 075 

0 081 

0 087 

K (mean) 

0 020 

1 0 0165 

0 028 

0 042 

0 047 

0 057 

0-058 

C 

0 10 

| 010 

0 10 

0 10 

0 10 

0 10 

0 10 

Jm 

232 

1 

^ 140 

133 

133 

134 

180 

131 


Discussion of Results. 

The values obtained for the solubility of oxygen in silver are given in 
Table II for various temperatures and pressures. From the constancy of 
VTI Q (where F is the pressure and Q the absorption), it is apparent that the 
solubility is proportional to the square root of the pressure. There is, however, 
a deviation from this relationship at the lowest pressures, the amount absorbed 
being too small. This deviation is not noticeable at the higher temperatures 
The absorption has been found to be proportional to the square root of the 
pressure in several other cases, for example, the absorption of hydrogen by 
tantalum,* copper,f iron, J and mckel r g and for the absorption of sulphur dioxide 
by copper.|| 

The variation of solubility with temperature is shown in fig. 2. The solubility 

* Sieverts and Bergner, ’ Bor.,’ vol 44, p. 2394 (1911). 

t Sieverts aod Krumbhaar, 1 Ber vol. 43. p. 803 (1910). 

X Sieverts and Krumbhaar, 1 Ber.,’ voL 43, p. 803 (1010). 

I Sieverts and Hagenuker, 1 Z. physik. ChemV voL 68, p. 110 (1910). 

|| Pease, 1 J, Am. Cham. Boo., 1 vo). 49, p. 2206 (1923). 
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ia a minimum in the neighbourhood of 400° C. On account of the extreme 
slowness of the process of diffusion at low temperatures, it was not practicable 



Flo. 2. —Curve* showing the Variation of Solubility with Temperature. 

to make any measurements below 200° C., but from the form of the curve it 
appears probable that the solubility is considerably greater at room temperature 
than it is at 200* C 

Above 400° C, the equation 

1 /Q — K (930 — t), 

where Q is the absorption and t is the temperature in degrees Centigrade, fitted 
the experimental results quite accurately. The melting point of silver is 
960° C., but this is lowered by the dissolved oxygen. Hence, it may be said 
that above 400° C, the reciprocal of the solubility is approximately proportional 
to the distance below the melting point. Molten silver dissolves about 20 
volumes of oxygen at the melting point It seems probable that there is no 
very abrupt change in solubility on melting, bat that tho solubility curve is 
merely very steep in the neighbourhood of the melting point. 

As previously mentioned, four samples of silver of vanoua ihiokneases were 
used. No difference in solubility was detected due to the difference in thickness 







552 E. W. R Steacie and F. M. G. Johnson. 

or surface, hence adsorption is apparently negligible at the temperatures 
employed. 

As the solubility was the same for the highly purified and the commercially 
pure silver, small traces of impurities such as copper and iron have no measur¬ 
able effect 

Bale of Solution ,—Some of the experimental results for the rate of solution of 
oxygen in silver are given in Table 111. All these experiments were made with 
a piece of silver foil 0 15 mm. thick. 3otne flample absorption-time curves are 
given in fig. 3. 



Fia 3 —A baorpfcion - Time Curves. 

No 1 —690° C, 31 38 cm No 2 —508° G, 66 8fl cm. No 3 —660 s C., 31-24 om. 
No. 4.-280° a, 33 04 cm. No. 6.-400° C„ 32 • 18 om. 


In order to derive an equation ior the rate of solution, consider a block of 
silver placed in an atmosphere of oxygen. Assume that the surface layer of 
the silver is immediately saturated with the gas in the dissociated condition. 
The process of solution will consist of diffusion of the gas from this saturated 
layer into the body of the metal. As the gas diffuses inwards from the surface 
layer, more gas will dissolve m it bo as to keep it saturated. Let 3 be the satura¬ 
tion concentration, and X be the average concentration of gas in the body of 
the silver. Then, according to Hole's Diffusion Law, the rate of diffusion 
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(awards will be proportional to the concentration gradient, that is to S — X 
Hence 

f-K(8-X). 

Integrating and evaluating the constant of integration by putting X = 0 when 
/ = 0, we obtain 

K = 7 l< *s3T 

As may be seen from figs 4, 5 and 6, log S/S — X plotted against t gives a 


a —-— 

LOO 


L 


r 





_ 



Ifi 30 TIME 

Fio 4 —Variation ol Solution Velocity vnth Pressure at 310° C. 

No 1—57 *32 cm No 2 —30 55 cm No 3 —31 34 om. No. 4.—13 94 cm. 

No 5.-7 35 cm 

straight line, The first two or three points, however, generally lie below the line, 
and the line does nob pass through the origin, as the foregoing equation would 
require Apparently the first part of the gas is absorbed much faster than the 
equation would indicate. The process evidently consists of two stages. If we 
neglect the first two or three points on the curve, and take into acoount the 
fact that the lino does not pass through the origin, we obtain a corrected 
equation of tbe form 

K -;Knh- c )' 

2 p 


VOL. oxn.—A. 
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where K is a constant depending on the temperature and pressure and C vanes 
with the temperature but is independent of the pressure. This equation has 
been found to givo good agreement with the experimental results. 



is 30 TIME 46 

Flo 5* —Variation of Solution Velocity with Temperature at a Pressure of 30 om. (Part I). 
No. 1 — 39G* C. No 2.-375° C. No 3.-337° C No. 4 —310° C No. 5 —280° C 


In fig 4 log S/S — X is plotted against time for various pressures at 310° C. 
All the lines cut the axis at the same point, showing that C in the solution 
velocity equation does not change with pressure K, that is, the slope of the 
line, is proportional to the Bquare root of the pressure, as may be Been from 
Table III. This is to be expected, diffusion is the predominating factor m 
the process of solution, and Johnson and Larosc* have shown that the rate of 
diffusion of oxygen through silver is proportional to the square root of the 
pressure 

The effect of temperature on the velocity of solution ie shown in figs, 5 and 6. 
At temperatures below 400° C. (that is, below the position of the m inimum in the 
solubility-temperature curve), the value of C in the equation remains constant 
at 0-10, while E increases as the temperature is raised. Between 400° and 
440° C P C increases rapidly while K decreases. Above this temperature G 

• * 1 J.A.O.B,, 1 voh 40, p. 1377 (1984). 
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continues to increase as tho temperature is raised, and K increases slowly and 
regularly. The peculiar behaviour of the solution velocity in tho neighbourhood 
of 400° C. makes it impossible to obtain any simple expression for the effect of 



No 1 —690" c No 2 —005° C No. ,1 —MO" C No 4 —508° C No. 5 —403° C. 
No 6 —450" C No 7 — 430° C No g —440 J t\ No 0 ~^W0 e O 


temperature The temperature coefficient is low, however, as would he 
expected m a process in which diffusion is the controlling factor 

, General Discussion. 

As pointed out by Donnan and Shaw ( * tho variation of the solubility with 
the square root of the pressure shows definitely that a dissociation of tho oxygen 
takes place on solution. The actual condition of the oxygon after the dis¬ 
sociation has taken place cannot be definitely established, The two most 
likely possibilities are the solution of the oxygen in the atomic state, or as 
Ag*o> At the temperatures investigated Ag a O would be in existence at oxygen 
pressures fox below its dissociation pressure. It is possible, however, that 
Ag s O Would be stable, even under these conditions, when in dilute solution. 

* ' J k Soo. Ohfim. IndV voL 29, p. 987 (1910). 
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The explanation of the minimum m the solubility-temperature curve is 
difficult The fact that a sudden change occurs in the rato of solution at this 
temperature seems to point to n transition of the silver from one nllotropic 
form to another. It is interesting to note m this connection that Holt* was 
obliged to assume two forms of the metal in order to explain hia results on the 
rate of solution of hydrogen in palladium 

There is also the possibility of a change in the manner of combination of the 
oxygen From the Hhapo of the solubility-temperature curve, the heat of 
solution is obviously positive at the lower temperiltures, zero at aliout 400 c C , 
and negative at higher temperatures The heat of formation of Ag a O, calculated 
from the measurements of Jjcwis.t positive, while the heat of dissociation of 
oxygen is negative. It is therefore possible that at low temperatures the 
majority of the dissolved oxygen exists as Ag z O. while at temperatures ubove 
400° C, it is mostly atomic oxygen, 

Solution and Diffusion —The phenomena of absorption of gases by metals 
and diffusion of gases through metals must be fundamentally connected It is 
virtually impossible to conceive of a mechanism for diffusion other than that of 
solution on the high-pressure side of the metal and subsequent giving up of 
the gas on the low-pressure side which is supersaturated Apparently, then, 
solution must precede diffusion This conclusion is substantiated by the fact 
that there is no known case, of a gas diffusing through a metal m which it is not 
appreciably soluble 

In the case of oxygen and silver, the solubility and the rate of diffusion are 
both proportional to the square root of the pressure Hence, both phenomena 
point to a dissociation of the gas 

Tf we assume that diffusion is due to solution, we can calculate the actual 
distribution of oxygen in a silver plate through which the gas is diffusing into 
a vacuum Consider a plate of silver of unit cross-section and thickness T, 
through which oxygen is diffusing from one side on which the pressure is P to 
the other side which is kept at zero pressure. Let the concentration of gas 
dissolved in the metal be Q) at the high-pressure side, and C* at any distance x 
in from this side. The number of c c of oxygen diffusing through per second, 
Q, is given by 

Q “ ^ (1) 

• 1 Roy. Soo. Proo., 1 A, toL 90, p. m (1914). 
t 1 Z. pkyiik. Ches®.,’ toLW, p. 46S (1906). 
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The amount of oxygen dissolved in the surface layer, C 0 , will be given by 

c„ = *,VF, 

Bince the solubility is proportional to the square root of the pressure Sub¬ 
stituting for P in equation (1), we obtain 



(■!) 


This amount of gas must cross any plane in the metal per second. 

The amount of gas diffusing towards the low-pressure side at x is given by 
an expression similar to (2), 


KC 
T - 


But the total amount of gas crossing any plane in the metal per second is the 
same, hence Q* = Q, so that 


whence 


KC„ _ KC, 

T T — i/ 


a 


(T-x) 

T 


Co 


This gives the concentration of oxygen at any point in the plate 

We can also calculate the average velocity of the oxygen atoms through the 
plate. If S bo the quantity of oyxgen dissolved in a plate of thickness T and 
unit cross-section, and if Q be the rate ol diffusion through the plate, then Hie 
average velocity of the gas through the plate will be QT/8 For a plate 1 mm. 
thick at 500° 0 , with a pressure of 70 ems , we have 9 = 0-0104, T — 0-1, 
Q = 2-2 X 10" 7 c.c. per second. Henco 

ir-1 4 2*2 X 10“ 7 X 0-1 

Velocity = -- v -cms. per hoc 

0-0104 ^ 

= 2 2 X 10 -0 cms per see 

This is extremely small compared with the probable mean displacement of an 
oxygen molecule in oxygen 

Since the solubility is a minimum at 400° C , and there is also a sudden change 
in the rate of solution at thiB temperature, it is probable that the rate of diffusion 
Would also undergo an abrupt change below this temperature. Unfortunately, 
no measurements of the rate of diffusion below 400° C. have yet been made. 
The authors hope to investigate in the future the rate of diffusion of oxygen 
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through Bilver at low temperatures, and also the rate of diffusion, rate of 
solution, and solubility for hydrogen and silver 

Summary 

The solubility of oxygen in silver has been measured over a wide range of 
temperature and pressure. The solubihty is proportional to the square root oi 
the pressure, The solubility-temperature curve has a minimum at 400° C. 
Above this temperature the solubility Is expressed by ] /Q = K (930 — /), 
where Q is the solubihty and t is the temperature in ° C. 

The rate of solution of oxygen in silver bus also been measured. The equation 
K —1 jt (log (S/S — X) — C] has been found to express the experimental results, 
where S is the saturation concentration, X is the amount dissolved at time t , 
and K and C are constants The rate of solution is proportional to the square 
root of the pressure. The variation with temperature is complicated and 
suggests a transition of the silver, or a change in the manner of combination of 
the oxygen in the vicinity of 400° C 

By comparison with diffusion measurements, the concentration gradient of 
the oxygen in a silver plate through which the gas is diffusing has been calculated 

Nitrogen has been shown to be insoluble in silver 

Acknowledgment is made of the receipt by one of ua of n Studentship from 
the National Research Council of Canada, during the tenure of which port of 
this work was performed, 
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The Flexure of Thick Cvrcular Plates * 

By C A Clemmow, B A , B Sc , Research Department, Woolwich 

(Communicated by Prof A K H Love, KK8 —Received Decembfr 2, ]925 ) 

Introduction 

(1) The Genesis and Object* of the Inve&ttgalum 

The investigation undertaken in this paper arose out of a suggestion that 
the deflexion of a circular steel plate, firmly held at the edge, might be used as a 
measure of high explosive pressures The plate would be Becurely Here wed into, 
and form the base of, a cylindrical closed vessel of the usual type, and the 
measurement made would be that of the normal central deflexion of its external 
flat surface 

These deflexions, which are, of course, necessarily small, can bo suitably 
magnified by optical means, and thus a pressure-time curve of the explosion 
would be obtained iu the usual way. 

Originally, it was taken for granted that the bending of the plate would 
depend on the pressure in the manner indicated in the standard text-books on 
elasticity and engineering (wde Love, 1 Elasticity,’ chap XXII), so that the 
usually accepted formulae for a damped plate would apply to the case under 
consideration. 

This being so, it would be possible to obtain some idea of the orders of magni¬ 
tude of the deflexions to be obtained with a thick plate when subjected to high 
pressures, of the order of several tons per square inch, a point of great importance 
when considering methods of measuring such deflexions. 

It was felt, however, that further investigation was needed for two reasons, 
firstly, because the plates to be used would be very tluck, the ratio of thickness 
to diameter being one-fifth or more, and, secondly, because of the doubt as to 
what bgundary conditions would apply at the circular edge, as these plates 
would have to be turned out of solid metal 

As regards the thickness of the plate, this has been tacitly assumed m the past 
to bo of slight importance, at any rate within limits, so that, m the classical 
treatment of the problem, the assumption is made that the forces applied to the 
edge of the plate, considered as a cylindrical surface, can be expressed adequately 
by a line distribution of force and a bne distribution of flexural couple, both 

" The writer is Indebted to the Director of Artillery, War Office, for permission to 
publish the paper. 
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being reckoned per unit length of the edge lino, which ia the curve in which the 
middle plane of the plate outs the edge surface (w de hove, 'Elasticity/ 2nd 
edn , p 453) 

Such an assumption is valid only when the plate is thin, for then lf the actual 
distribution of tho tractions applied to the edge, regarded as a cylindrical 
surface, is of no practical importance 15 (Love, loc at , p 438). The question 
of the boundary conditions at the edge is also of fundamental importance It is 
impossible, with thick plates, to fix the edge by “ clamping,” and so, for experi¬ 
mental purposes, the plates were turned out of a block of metal, leaving them 
with a heavy flange, this method being necessary to permit of calibration. 

The boundary conditions in such a case cannot be specified beforehand, and 
the problem has thus to be approached indirectly by postulating various 
boundary conditions at the circular edge and investigating their consequences 
analytically 

Experimental work earned out on thick plates of the type described has 
given remarkable results, the deflexions obtained greatly exceeding the expected 
values Practical considerations have thus shown the necessity for a re¬ 
examination of the subject from a theoretical standpoint, and they constitute 
the apology for the present paper So far as is possible the results have been 
expressed arithmetically to render them of practical use, and the investigations 
have been confined to the case of circular plates as the type obviously meant 
for use in experiment. 

It may be noticed that the ordinarily accepted formula fail also for very thin 
plates, te. plates for which the thickness-diameter ratio is of the order of 
or less Experimentally it has been found that the deflexions obtained are 
markedly less than those indicated by the usual theory. An investigation is 
in progress to try to account for the discrepancies observed, but the matter will 
not be dealt with in this paper.* 

(2) The Statement of the Problem 

The plate is taken to he a right circular cylinder in elastic equilibrium under 
tractions applied to its flat ends, being held bo that there is no displacement at 

* The case of thin plates is peculiar in that deflexions greater than the thickness can 
he obtained without the plate suffering overstrain, and so the theory that treats the dis¬ 
placements os Infinitesimal, compared with the plate dimension*!, must obviously be wrong, 
For a very thin plate the flexural rigidity can almost be neglected entirely, and the plate 
treated os a membrane reacting by tension alone In Intermediate mace, both Aexural 
rigidity and tension have to be taken into account, and the problem becomes complicated, 
These mitten have been discussed In a paper by J. F reb c oti (“ EUatlo Plate under Normal 
Pressure/ 1 ' Fhil. Mag(ser. 6), vol, 49, pp. 97-129 (1022))- 
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any point of its cylindrical edge, body forces being neglected, The problem is 
to determine completely the stress-strain system throughout the plate in cases 
where the tractions on the plane ends are such as can be applied experimentally. 
We thus confine ourselves to cases where the plate is subjected to uniform pres¬ 
sures over one of the fiat surfaces or to loads concentrated over small areas at 
the centre, or acting solely at the centre of the plate So far as is known, this 
problem, in its oomplete generality, has not yet been solved, and apparently 
cannot be solved by the methods of this paper, and so, analytical solutions have 
been obtained partially fulfilling the conditions at the edge, and possibly adapted 
to various practical methods of fixing the edge. 

In particular, an attempt is made to obtain solutions which give results in 
accord with experiment, so that the paper is limited to certain specific problems 
of practical interest, and no attempt is made at a general discussion * 

(.3) Method* of Solution Employed 

The problem is one of symmetric strain in a right circular cylinder, and 
solutions of the fundamental equations of elastic equilibrium applicable to this 
case ore well known (\nde Love, 4 Elasticity,’ 2nd edn , p. 263) 

Corresponding to any such solution, expressions for the displacements and 
stresses can bo found, and these have to be manipulated to satisfy certain 
boundary conditions both at the curved edge surface and over the plane ends, 
and then the stress-strain distribution inside the plate can be calculated 
The boundary conditions over the piano ends of the plate are known at once, 
and the method adopted is to fit the solutions to satisfy these conditions, and 
then to examine what particular edge conditions can bo satisfied 

We take Os to bo the axis of the plate, and then, from symmetry, everything is 
expressed in cylindrical co-ordinates, r, z 

The solutions referred to arc of three types ‘ — 

(i) national integral functions of r and z 

(li) Solutions which are exponential in z, and contain Bessel functions of t 
(iii) Compound solutions of (l) and (it). 

It will be Been in the sequel that the last type is the most useful. The satis¬ 
faction of the boundary conditions over the flat surfaces of the plate, via, 
z w* tfcA, when 2 h is the thickness, is straightforward in the case of type (i), 
and is effected in the cases of types (n) and (iii) by the use of certain Fourier- 

* Such a discussion of ox act solutions for a general distribution of loud is to be found 
hi a paps by J. Don gall (‘ Trans R S.E vol. 41, (1004)) He does not disc use the edge 
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Bessel expansions It will be ahown that solutions (i) and (ii) are of limited 
application when we try to satisfy the boundary conditions at the circular edge, 
and it is with the mixed solution (in) that we shall be chiefly concerned. Never¬ 
theless, it is thought to be of importance to indicate the limitations of the 
simpler solutions 


(4) The Three Types of Solution . 


In cases of symmetrical strain such as we are considering, the stress com¬ 
ponents and the displacements can all be expressed m terms of a single function 
/ as follows — 


li 


aV 2 , 

vz I ' Sr 3 j 


80 = 

cz \ 


1§*1 

r DrI 


<-&(&+;!!)J 


y «) 


u _ _ 1 + g 

E PrB* 


I +a 


(u-2.)T. /+ g + l|j 


( 2 ) 


the usual notation be mg employed {vide Love, ’Elasticity,’ 2nd edn p 
pp, 260-263). 

The function / itself satisfies the equation 


and we have also 


v*x = 0, 


V‘u> = 0, 


»3) 

(4) 


whilst the stress equations of equilibrium are 


drr , drz . rr — 00 

37 + -S7 + - — 


drz , dzz , tz 

fr + Tz + 7 


0 



(B) 


Solutions of equations (3) and (4) of the three types referred to above are well 
known.* and corresponding to any such solution, the complete stress-displace¬ 
ment system can bo calculated by equations (1) and (2). 


Cf Love, ‘ Elasticity,’ 2nd edn , p 263, where references are given. 
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Tlu? solution of type (i) is constituted by the equations 
w= H p„*)V n 

H = 0 

1 j . a « = N +2 

-4rx- £ <A„ + B*)V. 

rA n =. 2 

where V„ la the solid zonal harmonic of degree n 

The connection between the sets of constants a, [3, A, B are obtained from the 
second of equations (2), and we find the following — 
oto= — 2 lAo 

a, = 2 (1 — 2rr) 2 B 2 — 3 2Aj - 2 B 2 

aCg = 2(1 — 2 a) 3B;i — 4 3 . A 4 

a, = 2(1 + n 

-(n+SXii+DA.+s 

notice being taken of the fact that, aince \\ = zV 0 , the term PozVocan be taken 
up with a! Vi, so that we drop p 0 and write paiVo as PjV^ 

For the solution of type ( 11 ) we may write 

w — H [(a + pz) cosh kz + (y + Bz) smh fcz} J 0 (fcr) 

ii-? X 1 {(A -(- Bz) cosh icz + (C + Dz) sinh iz}J 0 (Ar) 

where the summation includes any finite or an infinite number of terms The 
relationships between the constants, found as before, are 

a = 2 (1 - 2a) IX - AJfc 2 y =2(1 — 2a) Bk - CJb 2 | 

(9) 

p = -B k* S = -D * 2 J 

To get the solutions of type (in) we merely combine the above solutions, 
the part of the solution corresponding to type ( 11 ) being necessarily an infinite 
series, to permit of satisfying the boundary conditions over z — ± h by the 
use of Fourier-Bessel analysis. 

The solutions corresponding to ( 8 ) with k imaginary, leading to circular 
functions of kz and to the Bessel functions with imaginary argument, viz., 
Id (At), can be shown to be ineffective for the problems we have in Mew, and 
there is also a solution of the typo 

w = £ (at' oosh fa + p' sinh kz) tJ 0 ' (ir), 



Pi = 

Pi- 


3 2B3 

4 3B 4 


P*= -(Jt+2)(n + l)B II+s 


>, P) 
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which contains insufficient constants to permit of the stress boundary 
conditions over z -Jr h being satisfied 


The Rational Integral Solution and its Application 'io the 
Plate Phoblem. 


(fl) A Specific Prr>bUin 


We consider the ease of a plate bounded by the surface r — a and the planes 
z — -Jr h, subjected to a uniform pressure p over z =-* -J- h, zero pressure over 
z — — A, and no shear stress over z = ± k, and determine a solution of type ( 1 ) 
which fits these boundary conditions, and then discuss the conditions at / = 
The boundary conditions at z — i A an* rz — 0 for z — -Jr A, zz — 0 for 
z — — h, zz — — p for s — -f A, in each case for all values of r 

These conditions, in combination with the second of equations (5), lead to 
the equations 


rz = r (h 1 — z 1 )/, (z) 1 

8-Uf:)/i(z) I’ 


( 10 ) 


where f lt f t are rational integral functions 

We take the expressions for ft) and / given m equations ( 6 ), and the following 
properties of V B are used — 


n i 


V = z" — 4-— 


(n — 2 )! 


rV"*4 . Li _ wl 

' 2 4 4' (n - 4) I 


«»*-* 


f* 


3V„ 

137 

av, 


mid. 


„/y _y \ i ( w l )^ r 3 n-a i 1 3 (n 1)1 4 

a. ~ H(V " lV *-° “ *(^1 r * + n 31 (»—471 r 


The equaliona (1) thou give 

i±£ . 2 = - 2o[3.2B b ( -J) + 4.3B 4 (-») +5.4B S (—Jz'+Jr*) +.. ] 

n r 

- [4 , 3.2 (A, + B,*) (- 1) + 6 .4.3 (A, + B,z) (-z) 

+ fl.B.4(A, + B4*)(~^ l +|f*) + ...l (12) 

which, by (10), must be a {unction ol 2 only, and it ie easily seen that the terma 
written down in (12) are all that cm occur, 
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The expression for zz thus becomos 

X -~ ?z = (1 -2<t)[ 2BH-3.2B^ + 4 3B,(z*-lr‘) + 5 4B S (=’-J^z)] 

— 3.2.l(A,+ B»z)-4 3 2(A 4 + B 4 z)z 

- 5 4 3 (A, + B a z) (z 2 - Jr 2 ) -0.5.4 A, (z 1 - •jr'z) (13) 

In (12) the terms m rh and r 3 must vanish and the remaining terms must 
be equivalent to a constant multiplier of h l — z 2 , in (13) the terms in r 2 z nnd 
r 3 must likewise vanish, and zz become equal to — p and zero lor z — ± A 
respectively 

The constants A, B are thus determined as follows — 


U- 2a) Bj — 3A a = 

" B '+ 2 A ‘- E TG®r' 

B- = — £ il ±£) 
1G0EA 1 


A* = B 5 - B fl = 0 


a _ p(l + q)<y 
Q 480EA 3 


(H) 


leaving three arbitrary 

Tho expressions for w and U may now be worked out, using equations (2) 
and (7), and it is found that, by writing the three arbitrary constants in, the 
forms a = — 2A„ , p = 6A 4 — 3 (l — 2a) B 3 , y = 3A., + B ai we have 
Anally, 


w 


= {« + 


3p( 1 -a 8 ) A _ | Jja p( 1 4 a)(l -2a) ) 
128EA" f ll-a T 2E (1 — a) ) 


z 


u 


+ 



8p(l + o) 3y»U + c) , 
8EA(1 — a) 10EA 8 / 


P (!+«)' 

16EA 1 


** (15) 



2p}r-h 


3p (1 o*) »1 

32EA 8 J 


_ p(l +g)(2—<r) _ a 
8EA 3 


(16) 


These expressions constitute the most general values of the displacements, 
corresponding to the solution of type (i), which are in accordance with the 
assigned boundary conditions over z = ± h. 


(6) The Known Results for the Clam pod and Supported Plates . 

In equations (15) and (10) there are three constants at our choipe, and they 
can only be determined by assigning conditions to be satisfied at the edge 
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r — n, The classical procedure (vide Love, 1 Elasticity,’ chap, XXII) ifl to 
consider only the middle surface of the plate, i e, the plane z = 0 

We denote by w Q the value of w for z = 0, and then, taking as the conditions 
for a clamped plate, m 0 = 0, dwjdr = Q for r = a, we get from (15) 


0 64D 


where D 



is known as the " flexural rigidity ” of the plate 


This result might well apply when the plate is sufficiently thin, and, in fact, 
is found experimentally to hold m such cases, although it is difficult to determine 
for what range of values of hja the equation (17) in valid. 

For a thick plate it would appear that the conditions of clamping are not 
sufficiently represented by making w Q and dwjdr vanish for r = a 

Further, it should be noticed that the result (17) docs not depend in any 
way on so that the middle plane may either be stretched or unstretched. 

Assuming y = 0, so that the middle plate is bent without extension, we 
find easily from (15) and (1C) 


w _ H , 0 + SfJ. 1±£ .* + 1 

DL24 1-o 1G1 - er 81-ti 


_ l zh3 1 1 — A a] 

4(1— a) a 3(1 — n) a J* 

a result given by Love ( loc . at., p. 463) 

For the supported plate we assume at r = a, w 0 = 0 and 

| tr . dz — | rr rdz = 0, 

% c that the integrated radial pull over r = a, A> z> — A does not give nso 
to forces or couples, and the usual result is obtained. 

Incidentally we find y = J (op/E), so that the middle plane is stretched. 


(7) Some Further Rwulti, 

The solution of the problem of the uniformly loaded plate comprised in (15) 
and (16) can be mado to satisfy certain other edge conditions. 

Thus, suppose U = 0 for r ^ a, z = ± A, then (1 and y are determined, 
y being zero . making v; 0 = 0 for r = o, gives a and the result is 


84D \ o'/l* o* ' 8 1 — » W 


* Thu ib generally known to engineer! u the Ormahof formula, and is quoted m stick in 
works on Strength of Materials, although It wu originally worked out by Poisson. 
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Another case is U = 0U jdz — w — 0 for r — a, z — 0, which gives y = 0 
and determines a and (3. We find for w 0 , 


— 



r 2 

a 3 


10 h l \ 

1 — a a 3 ) 


(19) 


Theso boundary conditions may not be practicable, but wo quote those 
results for comparison with others to be obtained later, 

In each case the normal deflexion of the middle plane is much greater than 
that given by (17) if kja be at all large, i e for a thick plate 
(8) Remarks on the Solution of Art 5 

It is to be observed that, with the solution given by equations (15) and (16), 
wo cannot make cither w or U vanish at every point of r = n 

By choice of a, p, y all but the last term in ic (equation (15)) can be made 
zero, and similarly for U, so that the limitations of the solution in finite terms 
are manifest and the problem of a thick plate must be investigated by a fresh 
type of analysis 

The solutions given above are thus necessarily approximate, even for thin 
plates, but it will be shown in the sequel that the results obtained by more 
elaborate analysis can bo expressed in a form similar, for example, to that 
of (17), with a correction term which is of small consequence when h/a is 
small. 

(9) The Stresses in a Thin Plate 


Some remarks on the stresses in a clamped or supported thin plate may bo 
interposed here before we pass on to the next type of solution. The following 
results are easily obtained .— 

2Ky-qp ■ [ 3 P 2E|3 , 3(3+<r)? ^~L (2 + tr)p _ 

2(1—a) La(l-o) ]-a 32A a I 8 A” 

S- _r_2e+g t 

2 4 h ^ 4A a 


BA* 


> (20) 


§8 - 2Ey—ap , [ 3p_2Kg 

S(1-c) T [«M 1-0 


+ 


3(l+3c)p _, I (2 +o)_2, 3 

32A a J '~W ' 


The itreea « ia of the order of p only, and the greatest value of n is of the 
order of pajh (vie, at r = o, z = 0), but rr and 06 will, at the edges r — a, 
s == £ A, contain terms of the order pa z jh a . 

1 For a damped plate, p = pa a /32D and y, although undetermined, is of the 
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order of p only, so that the greatest stress is the radial pull at the edges, which 
is numerically equal to A (jw a //i z ), the value of rr at r = a, 2 = + h being 
actually the greater, the difference being of the order of p. 

The value of 06 at the edges is 3o , pa B /16A a . 

For a supported plate, we find 

-_r a(2 + «)y 3P + «) ,,„. VI. (2 + t)^ 

L m :12A 3 p[ M 8 h 1 ' 

so that rr, for r — o, is only of the order of p, and the maximum stress is at 
the centre of the plate, or rather of its upper and lower surfaces, and is, 
numerically 

3 (3 + g) pa* 

32 h % 

Those results will be compared with those to be obtained later for the case 
of a plate, definitely thick. 


The Solution of the Problem by Infinite Series involvinu Bessel 

Functions. 

(10) DistTUHinon of the Methods . 

The solution given by equations (8) can obviously be made to satisfy condi¬ 
tions fttr-a more general than those considered in the last section. Thus 
w can be made to vanish at all points of r — a by choosing k so that J 0 (ka) = 0, 
and, therefore, there arc possible applications to the thick plate problem 
AVe have next to consider the method of satisfying the stress boundary condi¬ 
tions over z = ±h, which involve zz and rt (art 5) 

Equations (1) show that, % being of the form given in equation (8), zz and 
tz are respectively expressions of the types HP( 2 ) J 0 (k r ) and EQ (z) J 0 ' 
so that, when 2 is constant, zz takes the form EPJ 0 (fc r ) and rr the form 
EQJi (A>)jP and Q being independent of r, 

Now it is known that if f(r) is any function which could represent a displace¬ 
ment or a stress in the range 0 to a, then the constants P„ can bo so chosen 
as to satisfy an equation of the form 

/(f) = SP^o(M. (2D 

when J, (l„n) = 0, (»»= 1, 2, 3, 

If J 0 (/b„n) = 0 we have also 

Ji (*k«) + *.oJ/ (M = o, 


( 22 ) 
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and this result can be used to determine the constants Q„ in an equation of 
the form 

F(r)-£Q n J 1 (Jt.r). (23) 

i 

In fact we have (vule Gray and Mathews, ‘ Bessel Functions,’ chap VI) 

Jo (Kr)f(r)rdr 1 

_ . Y- (24) 

It follows that, if wo take an infinite number of terms in the expressions 
for and the boundary conditions over z = ± h can be satisfied provided 
that the integrals in (24) can be determined for the particular forms of f{r) 
and F(r) which may arise 

To this end, a number of results in Founcr-Bessel analysis are required, 
which we proceed to detail. 



(11) Collection of Necessary Results in Fourter-Bessel Analysis. 

(o) Results involving the Roots of J Q $a) =* 0 —We have the following results, 
m being a positive integer and J 0 (fca) = 0 — 


I„ = j' Jo (kr) r* m+1 dr 

_ 4m ! . 

fa. L (M* 


+ (-!)’ 


4 m a (m — l) a 

( fa ) 4 

4-.w» («*»-!)* 2» l 1 

(*<»r 


1.' = j“ J, (kr) r 1 " dr 

2trxi t * l+1 J, (ha) _ 4(w-l) a 

1 I. (hay + 


f • (2®) 


kW 


4* (wi—l) a (m—2)* 

• ( fa.) 4 


i /i\i, *t 4-V-l)» V l r 

■" T v ’ (Am)*" - * 


J 


Now, tho equation r 8 * — a 8 * = £ P*Jo(^V). where J 0 (Ir B a) = 0, 

which is legitimate since both sides vanish for r = a, we have, from (24), 
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which determines P„, so that 




im a £ 


■MM 


(M 


+ im a (m — l) a £ 

i 


■MM 

JWi(M 


This equation must be identically true for all values of fn, and putting 
m = 1, 2, 3,.. , and sorting out the various senes, we find the following.— 


^ Jo (M 

1 (>.- 


(26) 

7 i.VJ,(i.a) 

■V 

” J D (fc.r) 


- -Vs - ^ 

(27) 

T fc.VJi (*.») 

128 \ 

a 1 / \ oV 

* Jo (*,»■) 

_L(] 

'-»(*—s+a 

(28) 

f kJa'JtiM 

4608 \ 


Putting r = 0 in the above, we have 


etc., etc. 


t 


1 1 g 1 _ 3 . 

*„VJ ,(*„«,) 8’ .WJ.IW 128' 

« 1 _ 19 

^ fc.VJ! (V)~ itioa 


(29) 


Using the equation r*" -1 = S Q.Ji(t.r), or, alternatively, differentiating 
the above results term-by-term (which can easily be justified), we find .— 


f Ji(fe.r) _lr 
i i.VJ, (i.o) 4o 


( 30 ) 


2__= J.L— 

, 18 a 32 a 5 


(31) 


y J,(*.r) 3 f 1 f 3 ■ 1 t» 

. Jfc.V J, (*.a) ' 266 a 1‘28 «“ 768 a" 

and, with r = a, 

3 . 1 1 j. 1 _ 1 £ 1 J_ 

i fc.'o* 4‘ i *,‘a‘ 32’ T fe.V “ 192 


etc, eta , 


(32) 


(33) 


(b) Results involving the Roots of J t (k.a) = 0 (excluding the Zero Root ).— 
To discuss the plate problem when the radial displacement U ia assumed to 
vanish at all points of r •= a (h > z > — h), it is necessary to use results similar 
to the above, but involving the roota of J, {k,a) = 0. 

These are obtained by assumptions of the type £ P„Ji (A,r) “ r (r** — a 1 ”), 
since Ji (h,r) vanishes for r ■= 0 and r ™ a. 
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The results required ere as follows: — 

* Jo (Kt) 1 . 

i i. e o*J 0 (*.a) 8 4 o a 

* Jp(t.r) . 1 . 1 1 f* 

i J 0 (Jfc„u) 96 32 o z 64 o* 

* Jody) 7 _1_ e* 1 r« . 1 r‘ 

j A.VJ 0 (Jfc.o) 0216 384 o' 512 a 4 2304? 

£• Ji for) 1 r I 1 r 1 

i Ar. a o a J 0 (t.a) 16 a 16 a a 

y Ji (fcy) _1_ r_ , 1 r”_1_£ 

. Jfc.V Jo (k,a) 192 a ‘ 1 " 128 a 3 384 a r > 

?■ Ji(t.r) _7 r 1 r 8 1 r° 1 r 7 

! Jfc„ V J 0 (fc„a) 18432 a ~ r 1536 a 1 3072 a 1 18432 a 7 

Putting r = 0 and r = a in equations (34) to (36) we have 


1 _ 

1 

£ 1 — 

. 1 

*„ a a a J 0 (i.o) 

8 

i KW 

8 

1 

1 

£ * — 

1 

*„VJ 0 (*.a) 

96 


192 

1 

7 

£ 1 _ 

1 

fc,V Jo (k.a) 

9216 

■ *„v 

3072 


(34) 

(35) 

(36) 

(37) 

(38) 

(39) 


(40) 


(c) Results involving Logarithmic Functions with J 0 (A.a) = 0 —To discuss 
the cose of the bending of a plate when the load is concentrated at the centre, 
some further results are required. 


Consideration of the integral V m = I J 0 (lcr) r*” 11 log -dr (m a positive 

Jo « 

Integer) on the lines of (a) above gives the following .— 


; Jq(V) 

*„«a I J l ‘(t.a) 


*logi 


(41) 


y Jo (fc.0 
, ^VJ, a M 




Multiplying by t and then integrating term-by-term, we find 


etc, etc. 


(42) 


4. Ji (t.r) 

• KVJi'M 



Ji M 

raw 


^1 f 

16a 




(43) 

(44) 


2 4 2 
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this process being legitimate because of the uniform convergence of (41) and (42) 
in the range 0 to a 

Putting r = 0 in (42) gives £ 7 7 -^— — = i whilst r = a in (43) and (44), 

8 

leads to the results (29). 


(12) The Elastic Problem—Reasons for the Choice of Solution of Type (in), 

From ait (10) it is apparent that, with the solution of type (ii), the boundary 

conditions ovcrz — ± h lead to equations of the type £ P B J 0 (Xr B r) = a constant 

1 

or zero, in the case of a uniformly loaded plate 

1 d 2 A 

If £ P„Jq (£,r) = A say, (24) gives P. = -—— , but this is equivalent to 
1 (A„a) 

« J (kjr) 

assuming that £ -— ' - = 4, a result which is untrue for r = a, although 
- 1 k m aJ l (k^a) 

it can be shown to hold for 0 = r < a It will be necessary, therefore, to 
use a solution which does not depend on this result for the satisfying of the 
boundary conditions at z -= ± h 
Furthermore, the assumption 

“ = S {(“« + M cosh -(- (y. + M siah *„*} J 0 (A.r) 

1 


with Jo(Jy») — 0 3 gives w = 0 for every point of the edge surface, but permits 
of no othor edge condition being satisfied, because the series constants 
«*. P„. Y«» 8 * ftre completely determined by the stress conditions over 
z = ± h 

It may bo noticed, as a matter of interest, that if this solution be worked 
out, we arrive at the following result for the deflexion of the middle surface 
of a thin plate (using methods of approximation to be explained later). 



A result, m partial agreement with this, can be obtained from (15). By 
choice of oc, p, y, 10 can be made to vanish at r = a, except for the final term, 

f ^ **• bo that w at the edge will vanish for z = 0 , and attain its greatest 


numerical value at z 


± h t viz 


zSL 

16E 


The ratio of this quantity to the central deflexion is 


8 (1 + o) 1 A 4 

1 " <7 


so that. 
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lor thin plates, the condition w = 0 at all points of r = a is approximately 
secured. Determining a, p, y m indicated, we find 


Wo= -&\ 1 


r 3 ■- s ¥i 

o 2 / L o* ' <r(l — ff) o"-l 1 


which is nearly the same as (45) if hja be small 
It should be noticed that the central deflexion with the sole edge condition 
up " 0 is three times the value for a clamped plate. 


(13) The Solution of Type (in )—Expressions for the Displacements and Stresses 
We take as the solution 

u> = a Q ' + («i' + Pi'*) V! + (at i + fa'z) V 2 + ... 

, . + S {(a„ + p*z) cosh k n z + (y„ + $ n z) sinh k n z] J 0 (*.r) 
i 

X = (A/ + B/z) Vs + (A,' + B,'*) V. + 

.. H- 1 {(A, + B*z) cosh k*z + (C„ H- D m z) sinh kj) J 0 (fc^r) 

where the number of terms in the finite part of u> is, at present, undetermined. 

The connections between the sets of constants a', p' and A', B' are given 
by (7), and those between a, p and A, B by (9). 

We require for our immediate purpose the values of U, rz and zz, which are 
determined from the function / by equations ( 1 ) and ( 2 ). 

We find, using the results of ( 11 ), 

r (C) = - 2 (B,' + 3A S ' + 3B a 'x) (V, - zV,) 

- 3 (B s ' + 4A.' 4 - 4B.'z) (V, - zV a )... 

+ £ [(A, 4- B.r + sinh k,i >, (48) 

4 - (c, 4- D.z 4- f>) cosh 4.*] Jfc.VJi (4„r) 

.« - 2 (2 - o) [2 . IB,' 4- 3. 2 B,'. Vi 4 - 4.3.B,'?, +.. ] 

- [flBj' 4 - 3 2(A,'+ BJt) + 3.2 (3B»'+ 4A,'+4B i 's)V l 

+ 4.3 (3B,' + 6 A,' + BB,'e) V, + ..] 

— t [{A. + B,*-- (1 — 2o)5s)sinh4^ 

+{C. + D.z - (1 - 2 o) ?-"}oo»h 4 ^] 4 . , J a (4.r) 
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r.n=- 2«[3.2Ba'(V* - sV,) + 4.3B«' (V, -*V S ) 

+ 5.4B b '(V.-*V,) + -] 

— [4.3.2 (A,' + B/z) (V t — zVj) 

+ 5,4.3 (A s ' + B s 'z) (V a - zV.) + .. ] 

+ £ (Ja. + B„z + 2o cosh 

+ (c„ + D„z + 2 a sinh fc„z 1 i.’fJi (kjr) 


(50) 


(14) The Problem* to be Discussed—the Forms of the Solutions 

It is clear from the above that both displacements w and U cannot bo made 
to vanish at all points of r = a, so that the general problem of art. 2 cannot 
be solved by this type of analysis. 

It is possible to make one displacement aero for r = a, h > z > — h, and 
then to choose the constants to make the other vanish for r ==- a and particular 
values of z, such conditions constituting approximations to the general case 
of the fixed edge. 

We shall, therefore, discuss the problem of the plate under uniform pressure 
p over z = + h with the following boundary conditions :— 

(а) w = 0 for r = a, h > z > — h ; U = 0 for r — a, z = ± A, 

( б ) U = 0 for r — a, A > z > — h , w = 0 for r = a, z = 0 , 
and shall refer to them subsequently as problems A and B respectively. 

We have first to determine the number of terms required in the finite parts 
of the solutions in each case, the constants in the infinite senes parts being> 
of course, determined by the stress boundary conditions over 

From equations (7) it is seen that the A', B' constants are given in terms 
of the p' constants, with the exception of B b ', which is left undetermined. 

The constants to be obtained from the edge boundary conditions can, 
therefore, be regarded as the p' constants, plus B t '* We shall call these 
the accented constants.' 

Suppose now that the finite part of to oontained terms up to, and including, 
V n . Then the total number of accented constants is 2tn + 2 . 

In virtue of equations (11) the finite parts of U and rz can be expressed as 
series of odd powers of r, and the finite part of tz as a series of even powers 
(including a term independent of r), the coefficients involving z. 
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To satisfy the boundary conditions of problem A we must have Jq (A*a) = 0 , 
and, as the finite part of w must also vanish for r = a and all values of z, we 
have m + 2 relations between the accented constants, since the highest power 
of z occurring is z" +1 . 

The zz conditions at z ~ -}z h give two relations between the constants, 
and the U conditions two more, making m -J- 6 in all 

In the case of problem B, the vanishing of U at r = a requires J 1 (fc,a) = 0, 
and the vanishing of the finite part for r — a. The highest power of z occurring 
therein is easily seen to be z", so we have m + 1 equations between the 
accented constants The finite part of rz must vanish for r — a, z = ± A, 
and this gives two relations between the constants, and, m applying the results 
of (34) and (35) to satisfy the zz conditions at z =; i A, we obtain two more 
Finally, the condition w ~ 0 at r — a y z = 0 provides a further equation, 
so that, as before, we have altogether wi -j- 6 relations between the accented 
constants 

To Bolve each problem, then, wc must take m = 4. 

It is clear that, by taking more terms, i.e increasing m, w could be made 
to satisfy further conditions at r = a in problem B, but the solutions become 
very lengthy, and, in any case, the mam object in solving this particular 
problem is to indicate the effect, on the flexure of the plate, of assuming zero 
radial displacement 

Making w vanish at t ~ a, z = 0 will lead to a comparatively simple 
solution,* 

(13) PrMetn A—Calculation of the Constants and the StTess-DisplaceimfU System, 

By the argument of the preceding article it ib seen that the finite part of w 
can be written (the V functions being obtained from (11)) 

W — OCo' + («l' + Pi'z) 2 + («s + Ps'z) (z a — 

+ («.' + p.'*) - 8 rh) + (a/ + p/z) (** - 3rV + | r‘). 

This must vanish for r = a and all values of z, giving six equations between 
nine unknowns. Equations (7) determine all the A', B' constants in terms of 
these, except B*', so that there are four undetermined constants, which we 
choose to be a,', a/, a/, and B b '. 

Omitting the algebra, the finite part of t e becomes 

w = (a* - r 9 ) [* «/ + a a 'z + * a/** - | «/ (a 1 + r*) ]. 

* In this oonneotion, remsiks In art £0 should be noticed. 


(31) 
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We now calculate U, zz and rz, a* given m art 13, and the results are aa 
follows, the constants A,, B„, C„, D„ being replaced m terms of p BI y mf 

3, as shown in equations (9) 

U = [2 (1 -2(T)B 2 y -i« B V-h(l — 2o) a B 'z — 3 (1 -o)a,V 2 

+ (1 - 2a) (a 8 V + a*V)] r + %<r («,' + 3*/z) r 1 

- £ |" [■. + (3 n z + (3 - 4a) j^jflinh A„z V (52) 

+ |r« + -h (3 — 4 <t) &■} cosh A*zJ Ji (k n r) 

. zz = [4aB a ' + aa'a 2 + 2oa 2 'z + 2aa 8 'e B + 3(1 — aJotiVz 
E 

+ 2<ra/z B ] — (1 + a) (aia' + *W S ) r* 

+ S £(a„ + + (1 — 2a) |i]ainh 

+ [r» H- S,z + (1 — 2a) |*| cosh k.zj k. J 0 (k.r) 

^ - CT rz = [ —<ra«' — 5 (1 — <r)ai'o ! — 2aa.ii — 3aa,'z a Jr 

+ j (i + ®) a /* 3 

—S [ja„ + (J„z + 2 (1 - a) £-■} cosh k,z 

+ [t. + 8 .z + 2 (1 — a) |sj Binh fc„zj *„Ji (fc.r). 

We now apply the stress boundary conditions, viz., rz — 0 for z = ± A, 
zz = 0 for z = — A, zz = — p for z = + A, in each case for all values of r. 
Putting r = fl, z = ± A m (53), the zz conditions give 

— j-2 p = — a (a 8 — 2A“) x p '„ (55) 

- l - W - 2a (3»* - A*) (M) 

Denote by P„, P/ the coefficients of J 0 (A„r) in zz with z & ± A, and 
similarly by Q., Q/, R., R«' the coefficients o! J L (fr*r) in rz and U respectively. 
Then B» ± R,' oan be expressed in terms of P„ ± P„', Q. ± Q. # , and 
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these Utter are obtained from the boundary conditions, by application of the 
equation* (26) (30) and (31), in suoh forms, as, for example, 

PIP'- 16 ( 1 +«KV 
_ " " WJ.IW ■ 

The conditions U = 0 at r — a, then give, after considerable 

reduction, 

' [lfl»(l - 0 )T, + (1 -2ff)J|] 


** 


where 


- «,'«■ [ IB (I - o*) (T, - 2T,| + <&> (1 - (l - Jj) T, 
+ in 

4 a* a*J 


a = kji cosh 8 kji 1 
2 i sinh 2k n h + 2£*A A* 4 ** 4 ’ 


a _ j. sinh 2Jc n h _1_^ 

1 i sinh 2 kji + A„ 4 a 4 ’ 

#p _ £ 4r w i A a sinh 2A»/i 1 T = S M ^ 1 

1 i sinh 2k n h — 2kji A, V ’ 2 i sinh 2kjk — 2kji fc w 4 o 4 ' 


0 ») 


S - <59) 


m = ^ A.A sinh 1 k n k 1 
3 1 sinh 2k Ji - 2JU 

Equations (55) to (58) determine a/, a/, «/ and B a ', and then P* ± P/ f 
Q* ± Q/ are known, so that a*, p*. y mt S B can be found, and the solution is 
complete. 


(16) The Normal Deflexion of the Central Plane and the Limiting Case of 

a Thm Plate. 

Equations (47) and (51) give, with z = 0, 


« = («■- H) [W - K (“ a + **)] + Wo (fc.r). 

and is known in terms of P„ — P/ and Q* + Q/. 

The expression for w ultimately reduces to 

- «* - -■,'[*(■■ — r») + ^-‘{Vr + (1 - 2«)W r >] 

+ */ [l <■* - f*) + 24qa< y -*‘) (v, + (1 - 3o) W r } 

+ 4fl (1 + c) a< ( Wr + (I _ 20 ) X,}]. (60) 
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where 


v & fc H fl h 3 cosh k m h Jo {k 9 r) 

r «nh2/fe ll A-2M 'C^jTTiW* 

w _ £ A^A 8 arnh k n h Jo(fc.r) 

r ” 7 Binh - 2A*A' * B V J, (M 

y __ 5, A„A coah k n h — einh A„A J Q (A w r) 

r i sinh 2k Ji — 2A*A (A„a) 


(61) 


The forms of the infinite senes in (59) and (61) are chosen so that the limiting 
values, when h/a —* 0, of the multipliers of the Bessel function terms are pure 
numbers, and thus the limits of the above series can be found from the results 
of art 11. The formula (60) cannot be simplified, but we can obtain the formula 
for the deflexion at the centre of the plate (r = 0, z = 0) in a shape permitting 
of exact or approximate calculation for any specified value of A/a, and we 
can also show that (60) becomes the same as (17) m the limit when h/a —► 0. 
To obtain these results it is necessary to determine the constants at a # , a 4 ' from 
(56) and (58) m appropriate forma, and to do this we anticipate some results 
to be obtained later (see art 17). 

Thus we wnte 


Ti - 2T a = — ]t 4 = ^(1 + 5!t/) and T 3 = -2-+^T.'. (62) 

a 1 a a \64 a 8 / 128 a 8 

Also, to the order of h a /a 3 , we have 

X--»s.-bS s ..<“) 


where 


E s = £ J atV>_= - ( 1 — - ) • 

3 _V a ,)> 


rwj,iw s' 

1 1 *„VJ, (*„«) 12S\ 1 J»A 3 «*/’ 


by (26) and (27). 

The above are approximate only, but with r = 0, for exaot oalonlation, we 
write 


V ° 612 + o« Vo ' 


W = -2. 4. ' ■ 

0 612 + a* w ° • 


3 

812 o»^” 


(W> 
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and then, putting r = 0 in (60), calculating a a ' and a 4 ' using the equations 
(62), and replacing V 0 , W 0 , X 0 by the expressions in (04), we obtain, finally. 


pn* 

84D 


1 , ^/ 128 t , 

o a* 1 3 3(1 ufj f 1 | u,i_u» 

3 -- iv-ain^i t 7 1 1 f 32oV “ 


—) 
1 — o)J 


16<t(1 — <t) T a ' — 24 (1 - o*) T.' 

- 32(20* + 2o + 3)W„' - 96(1 + <j)(l - 2o)X 0 '} 


+ (1 + M.V.- 4 If. (1 - M w„-)£ 


, («) 


this expression permitting of direct comparison with the usual formula for 
thin plates. If, further, we replace T a ' and T/ in (62) by their limiLing values, 
viz and respectively, and use the results of (63), the expression for 

w in (60) can be reduced in the limit to — to — P ^ . 


(17) The Numerical Calculation of the Infinite Senes involved . 

Wo propose now to indicate methods of calculation which will give numerical 
results for thick plates and approximations for plates whose thickness, though 
small, cannot be neglected. 

The numerical values, for specific values of h/a , of the various series can 
be obtained by direct calculation without undue labour in most cases correct 
to six or seven decimal places. 

In some cases, however, the procedure involves finding a remainder after 
the calculation of the first few terms, the expressions involving h being replaced 
by simpler expressions, use being made of the facts that the differences of 
successive roots of Jo(:r) — 0 tend to n in the limit, and that ti hen zis moderately 

large, J a (z) = ± a/ — approximately, 
v nx 

For A/a = J it is usually sufficient to calculate about ten terms and then 
to find a remainder; for h/a = J fewer terms would be required. 

These methods become impossibly laborious for smaller values of A/a, say 
of the order of 1/10, but suitable approximations can be obtained in such 
oeipps by expanding the terms m the series involving A in powers of and 
applying the results of art. 11. 
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Thus, for example, we have 


A A„ a A a Binh 2A„A 1 
i sinh 2 k n h — 2 k n h A„ 0 a a 


I*[ 1+ 5 w ‘’ + » w ‘ + “] 


1 




1 ■ 7 h % ■ 11 A 4 . 

128 i " 320 o a ^ 1400 a 4 ^ "" ’ 


by equations (33), and it is found that the expression written down is a very 
close approximation even for values of A/a as large as 

The above procedure is not, perhaps, sufficiently rigorous as it fltands, but 
the values of the series con bo shown to lie between limits which are pretty 
close if A/a is not too large 

Table I on p. 581 gives results for the senes whioh occut in the disoussion 
of problem A , some of the approximations are not valid for other than small 
values of A/a, so that the results must be used with discretion 


(18) Numerical Vdl-ues of the Central Normal Deflexion for a Thick Plate. 


Equation (65) gives the required expression for w at r = 0, z = 0, 

From the results of the last article it is seen that V 0 ', W 0 ', Xf can all be 
expressed approximately in terms of h/a correct to the order of A z /o a , but, 
unfortunately, T/ and Ti cannot, so that only their limiting values are known. 
Thus a simple expression for u' Q correct to the order of A a /a a cannot be found, 
but exact results for h/a - £ and h/a = £ can be given, and these are important 
as showing the great divergence between the laws governing the bendmg^of 
a thick plate and that of a thin clamped plate. 

Taking a = £, equation (65) gives the results, 


for h/a — £, — tt'o "= X 1 ‘3012 

64D 

for A/a = 1, -B a = ^x 2 2262 


( 66 ) 


whilst with a = £, the results are 


for h/a = i — u 0 = ^ X 1-4918 
for h/a = i — tt 0 =-1— X 2-9812 


(67) 


The above are outside values of a, but it is important to notice the marked 
effect on the deflexion formule of variations in 9 . 
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the above t»bje must be taken to impfv that the approximations are not sufficiently close to be usable 
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(10) The Deflexions at the Centres of the Upper and Lower Surfaces of 
a Thiok Plate. 

In experimenting with plates the deflexion can be measured only at the 
flat surface other than that to which pressure is applied, and bo it is important 
to calculate the value of U) at the point r = 0, z *= — A. 

It is shown below, however, for a plate in which hja = J or less, that there 
is little variation between the values of to at the points r = 0, z == 0, z = ± A. 
Denoting by w_ h the normal displacements at r = 0, % = ± A, we 

have, naturally, w +h > w 0 > 

CD 

From (47) and (51) we find U7_ h = 2a a a/A + 2 ((^A cosh kjh 

-(- y# si nil A^A), and p„, y« are known in terms of P„ + T/ and Q„ — Q«', whilst 
af is found from (56) and (57). Replacing the various senes that occur by 
their values as given by (29), or by their approximate values determined as 
in art. 17, as the case may be, we find the approximate result 

A° pa* 

? ' C4D' (68) 

This shows that the difference between the displacements is of a high order 
in A/at, and, although only approximate, should give results of the correct order 
of magnitude. ^ 

With h/a = t and a = 1 we find W-» . Jjjj, and aince the 

va A 

central displacement in this case is Wo = X 1" 3612, the difference 

between and w is only about 1J per cent of and so can be neglected 

for experimental purposes. 

(20) Calculation for the Thick Plate. 

The expressions for zz and n are given by (53) and (54), and those for the 

remaining stresses ore as follows :— 

ii^rr = 2B 2 ' — Ja s 'a B +Joot s V 2 H-(a/ — 3flt 4 'o > + 

E 

— £[{«,+P«* + (3—2o) I s } ainh 

+ (r.-|-*»a+ (3— 2 «)|?) coahi^tji,Jo (V) 

+ £ [(«.+ P.*+ — ^ 

+ (?.+*.*+ (3-Iff) |») ooah *.*] hJ&l. 



W+K — W_ k = 


256 (1 - 2o) 


9 |l — 3er— S (1 — a)* 
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E 

— 201(3* sinh k n z-\- p„ cosh Jy) J 0 (Ay) 

— ^[(«. + P»*+(3 —4o)|a| sinh k,z 

+ [r» + 8.;+(3 — 4q) |a| coah k K z j Jl . 

With these equations the stresses may be calculated at various points inside 
and on the boundary of the plate, results of simple form being obtained by 
using the approximate methods outlined in art 17. Whilst not strictly accurate, 
they cannot be more than one or two per cent in error provided that hja 
does not exceed J, and they suffice to indicate the distribution of stress through¬ 
out the plate Certain of the results require careful examination as they 
present striking differences from the corresponding stress values deduced from 
the rational integral solution (see art. 0). 

Thus, putting r = a in (69) and (70), and using (52) with U = 0 for r — o, 
* = ± Ai we find 



l+« (Z) 

(i — o) e .:*» 



by equations (55) and (06). 

The stresses rr and 66 axe thus of the order of p only at the edge for any value 
of hja, whilst with the rational integral solution they can be shown to be of 
order pa^jh 1 , whichever of the various sets of boundary conditions in arts, 6 
and 7 be assumed, in particular the set U = 0 for r = a, z = ± h 7 w = 0 for 
r = a, z = 0. 

This latter set would appear, at fiiBt sight, to tend to the edge conditions 
of problem A, when hja —► 0, but, as the value of 3w/3*, which is zero in the 
letter case, is of order (p/E) o a /A B in the former, the two sets of boundary 
conditions are not effectively the same even for a thin plate 

The point has been raised* that the discrepancy may occur because certain 
of the Series have a discontinuity at r = «, z = ± A, due to non-uniform 

* By one of the nfensi 
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convergence in the range 0 to a. If the terms in rr and 66, with t ± h, 

involving J 0 (£»*) we written out in full, we find series of the types 


2/(U) 

i 


Jo {K*) 

WMM' 


£F(iU) 


Jo(M 


the functions / and F being of the same general form as already met with 
in equations (69) and (61), and such senes are absolutely and uniformly 
convergent m the range 0 to a. 

An examination of the conditions near the edge, say at r =» a — e, shows 
that the terms in rr and 66 involving Jo(£»r) contribute an expression which 
vanishes with c, but becomes large, and of order pa a /A 3 or higher if c be taken 
of the order of h/a, so that there is a very rapid variation of stress near the 
edge if the plate is thin, but no actual discontinuity. 

The boundary conditions of problem A do not therefore approximate to 
any of those previously considered, nor can they be considered as the equivalent 
of those of problem B when the plate is thin. 

The collected results for the stresses aTC given in tabular form below, those 
which are valid for any value of h/a being starred, and the remainder must 
be regarded as accurate only to the order of the lowest power of a/h 
occurring. 

Thus, for example, at r = 0, z — f h, rr = — ^ (1 + a) £ — -2_ plus 

32 A* 1 — o 

additional terms of the order of ph a /a* which, however, the approximate 
methods employed do not enable us to obtain. 

For thick plates the position and magnitude of the greatest stress will depend 
on the values of a and h/a ; thus for o = J and h/a = J it would appear that 


— 3 p> whilst for a = 3 1 it is 


the numerically greatest stress is (rr) P _ a > 

•- 

{rr) iz\r~H 

In the case of definitely thick plates the variation of stress near the edge 
complicates the question too much for a definite answer to be given. 
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Table II. 


Straw 

r ■> 0, i = 0 

r ~ 0, a « + A 

u 

p 

M 

11 

1 

»■ 

r ;= a, 2 =- 0 

t — a, z = + h 

r — a, z = — A 

rrfp 

IT 

a (1 + *)*' , 


1 - 2<r - 2^ 

1 - <p* 

0* 

2 (1 - «) 

32 *■ l - a 

4a (] — ») 

a 

Hip 

a 


i (1 *• < 

1 - 2a - 2o 1 

- 1* 

0* 

2(1 -c) 

32 1 ^ A* 1 — o’ 

4 (J - cr) B 

Ujp 

\ 


- 1- 

0* 

l -2a - 2a* 

- 1* 

0* 

4(1 -«)' 

r*lp 

0* 

0* 

0* 

3 a/h 

()■ 

o* 


(21) Problem B—Calculation of the Stress-Displacement System. 

By the argument of art 14 it m seen that the A', B / constants which 
occur are A B ', Af . Af , B/, Ba' .-Bo', and Bince the polynomials 
in U and rz> equations (48) and (50), roust vanish for r = a and all values of z,, 
by roasoa of J l (£„a) = 0, we have seven linear equations between these ten 
constants. 

The stress boundary conditions satisfied by rz and zz at z — ± h give, by 
use of (34) and (37), two further equations between the A', B' constants, 
and also determine P. ± P/, Q„ i Q/ in terms of the A', B' constants 
(actually only B/ is involved) and iunctiona of k n a 

We have, thus, mno equations which determine all the constants, except 
A/, as follows .— 


a ' — ILiJlLg 

1 24 (1 — g) E ’ 


-V = 


(1 + a) pa* 
84EA* (1 — g) 



A ' = — (1 + g) P 

* 240EA 1 (1 - g) ’ 


B, 


(1 + g) p 
8E(1 - g)’ 


B,' = + /l - 4*!') 

^ 04EA , (l-g)\ a*/’ 


B,' 


(1 + g) P 
160EA 3 (1 - a) ’ 


(71) 


V = B/ = B,' - 0 
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The a', p' constants are known in terms of the A', B' constants by equations 
(7), and so we find the following expression for w, 


[_ ... , _ 3d + q) -2a) pa* (, _ 8(1 ~o) A») , 

L a 64(1 — a) EA 3 \ 3 — 2c o*J 

■ 3(1 +o)(3-2o)p .I 

128 (1 —a) KA S J 

(l + «)(l-2g)p _ , f 3(l +g)gB« I, 2(1 — 2o) A*l 

2 (1 — a) E L IAEA 3 I 1 — a o*J 

+ "ltu-.T^ 1 1 *+? *'■-+ M '” h 

+ (r» + M flmh fc„z) Jo(M 


(72) 


A 2 ' is determined by the condition w = 0 for r = a, z = 0, bo that it can 
be found when 2) a„J„ (i B a) is known, and depends on P„ — P/, Q, + 

i 

which involve B s ' f and thiB constant is given above 
Thus all the constants are determined and the problem may be regarded as 
solved. 


(22) The Bending of the Middle Surface, and the Central Normal Deflexion, 
Since w = 0 for r = a, z =» 0, (72) gives with z = 0, 


« ^ 3(l+a)(3-2 0 )yo» f 8(1-«) *»! fI) 
t 84(1 — e)EA a l 3-2oa*J l ' 


- ' l M07)W* 1l, ‘ - * + f ■■ l J - O'* ~ J < l*-» 


(73) 


We find 


where 


£ «,J 9 (V) = f l a 2 ( ' ) M° )pa> [Lr + (1 “ ( 74 > 


L-g tsWainhU -MV) 

i sinh 2£Ji — 2JfcJi j^oV, (t*a) 

H. - j M «x>»h M ~ «inh M J ? (^) I 
^ i sinh2M-2M i,VJ«(t,o) J 


(78) 
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The coefficients involving A in L, and Mr are the same as those of the series 
W r and X,. of equations (61), and so we can write as in (03) 

_ Jsfcr) 1 Jq (k m r) 1 
7 A„ 4 a 4 J 0 (A rt a) 40 a a i A^VJo (A*a) 


L,= it] 


M- = 4 £ Jo (A*r) _i Jq (AiJ) 

T i k n 4 a* J 0 (k n a) 40 a* i A„ a n a Jo(A, 


(M) 


(76) 


correct to the order of A a /a a . 
Thus, by (35), wc have 


i *--s( 2 - g 5 +s 5) + S 1 '' 

“•=-iH( 2 - 6 5 + j S)+>' 


(77) 


where L/, M/ are assumed to be defined by these equations, whilst, for small 
values of A/a, we have by (76) and (34), 

V = M/ =- 1 -(l —2^). 

320 \ o’/ 

Putting r = a in (77) we have 


l.= ±+ -iv 

256 a a 

M. - _L + *! M.' 

^ *ruu 1 _a 




(78) 


768 o* 

so that I!a,Jo (k n a) can be found. 

l 

Using (74), (77) and (78), the expression for w in (73) reduces to 

64DL\ o’/ o’U —w\ a*’ 

- - w + a - - m.') )}]- (79) 


In the limiting case when A/a —► 0 we get back to the usual result. 

To find the central normal deflexion we put r = 0 m (79) so that the values 
6f W, Mo", W, M.' are required. 

Using the approximate methods of art. 17 and the equations (40), wo have 


_L , J_A> 

128 ^ 320 a*' 


J_1_ A 1 

266 320 a 8 ' 


Mo 

M* 


] 1 A 1 T 

~ 384 + 320 a* 

J_1_A« 

788 320 a 4 , 


(80) 


The results in (80) are reasonably accurate for values of A/a up to 

2 a 2 
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Thus, for A/a = J, (80) gives L 0 = — 0 0078172, the correct value being 
— 0*00760533, and for hja = J, the respective values are —0-00703125 
and —0 00684530, similar results holding for the other senes, so that the 
approximations (80) may be taken as valid for any value of hja likely to occur 

in practice. Hence, to this degree of approximation, IV = Mo' = = — IV 

= — M a ' and we have from (79) 


— w 0 = 



8 G3+_5i^l 
0 (1 - <r) a*J 


(» 1 ) 


With hja — J and cr = J, this formula gives 2-1 times the deflexion given 
by the thin plate formula, and with o = the ratio is 2-25 

For direct comparison with experimental results, the deflexion at r — 0, 
z = — A ia required (see art. 19). * 

This can be calculated from the foregoing analysis, and the final result is 

* “ - 128 (2 ~ o) (X ° - X -J • (82) 

where 

X — ^ 8lT1 h — 2A„A cosh "A b A J u ( k n r) 

T HI nil 2k n h — 2k n h A W VJ 0 (k n a )' 


We find the approximations, using the results (40), 


Xn — 


_1_ 

192 



1 _ j_ A a 
384 40 a a 



(83) 


For A/a = f the approximate and correct values of are 0 00677083 
and 0 0066559, and fox X 0 they are -0 004167 and -0*00399661, the 
lattes not being in particularly good agreement. 

The approximation to (82) is, therefore, 


- w =£2i [\+i 2 iZLf *"1 
94D L ^ 5 1 - o o'] ‘ 


(64) 


This equation gives, as we shall see, results in fair agreement with experi¬ 
ment. It should be noticed that the difference between the deflexion at 
r = 0, 2 — 0 and at r = 0, z — — A are here greater than in the case of 
problem A. 

(23) Stress Calculations for the Thick Plate 
The stresses at various points in the plate are determined as in art. 20, and, 
as before, certain of the results are exact, especially for the value i«0. 
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This arises from the fact that p„ and y* are found to vanish in this solution, 
and so the expressions for the stresses involve only the finite terms when 2 = 0. 

The result rz = (A a — z a ) should be noticed in comparison with that 

given in equation (20), viz , rz = (A B — z B ) 

8A a 

There is some littlo difficulty in determining approximate values for rr and 
00 when £ = ± A Thus, for r = 0, z — ± h we find in the expressions for 

these stresses, besides terms m p and pa a /A a , a term of the type^i- (S — 2S'), 

A 

where 

a _ & k^h* sinh 2A„A 1 __1_ ]_ h? 

i sinh 2 k n h — 2 kji kJa*j Q (k n a) 64 80 a 3 


S' = s 


k n h sinh 3 k n h 1 _ _ J_ _ 1_ ^ 

sinh 2 kji ~ 2kji kJa A J 0 (£„«) ~ 128 80 o a 


Approximately, 9 —28'= — — —, correct to the order of A a /a a , and we 

should have terms in p if the approximation could be carried as far as h l ja A , 
The correct value of S — 28' for A/a = J is — 0 0040342 as against the 
approximate value — 0'00390625, the values being sufficiently close to permit 
of the omission of the extra terms in p. 

For r = a, 2 =±Awe have similar terms ^ (T — 2T'), where 

A 


T = f sinh 2k Ji 1 _ J_ , _7 A 3 

i sinh 2 kji - 2 kji k?J 128 ' 80 u B ’ 

T' = 2 hdi 8UL ^ 1 1 1 A a 

i sinh 2 k n h — 2k Ji kJa A = 250 80 a a ‘ 


1 A B 

Here the approximation T — 2T' = — - is not very good, since for 


A/a = J the correct, value is 0-00477417. 

We cannot, therefore, neglect the extra term, and we write T — 2T" = 
1 A 1 A 4 

— + k -j, where A is an undetermined quantity which varies with A/a, 

10 a B Qt 


and so we have a term pk in the expressions for the stresses. 

For A/a = J we find k = 0 ■ 222. 

The values of the stresses at various points are given below, it being under¬ 
stood that the remarks of art. 20 have equal force in this case. 

Correct results are starred as before. 
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For h/a = we have k = 0 222, so that, with a = J, the numerically 
— 7 'P bk 

greatest strew is (rr) r « a =-^— p = — 4-05 p, which is somewhat greater 

i--* 2 

than in the previous case (see Table II). 

The values of rr and 00 at r = a, z = ± h are of the order of pa 2 /h 2 in 
contrast to the results of problem A, and this is considered, as before (art 20), 
to be due to the fact that dw/dz is of the order of po*/KA B at the edge in this 
case, so that the conditions of problems A and B do not become equivalent 
when h/a —► 0. 

(24) Some Problems of Non-Uniform Loading. 

We propose now to consider briefly some cases of non-uniform loading, 
the object being rather to indicate methods than to work out particular 
problems in detail The loading is considered to be symmetrical, bo that we 
have zz —f(r) over z ~ + h, where / (r) is a specified function, and this 
condition ib to be satisfied as in art 10 Assuming, for example, the edge 
boundary conditions of problem A, we have J Q (k n a) — 0, and the integral 

J 'O 

/(r) J 0 (kf/jrdr is to be found, 
o 

This integral can be obtained for many values of / (r), but here we confine 
the discussion to the case where the plate is loaded only over a small concentric 
circular area, or, in particular, where the load is wholly concentrated at the 
centre. 

Suppose, then, that there is uniform pressure p over the area of the circle 
r = b (b < a) and aero pressure ovlt the remainder of the plane z — + A, 
Then we have 

[7M Jo(*„r) rdr=-p' f Jo(*.r)rdr= J, (k,b) (86) 

Jo Jo *■ 

If the total load is equivalent to a uniform pressure p over Hie whole plate, 

we have p'b 2 pa 2 , and we can pass to the limiting case of central loading 

by making b o and keeping p'hP finite. 

The type of solution given in art. 15 will serve, and wo have from (63), 

writing zz = f(r) for z — + h, 

t£i±2s.'j 0 (M = 4^/(0 - + «,V + 2«i a 'A') + (1 + a)«,V. 

i; = 4r /(f) + w * +3(1 ~ - wa* 

+ 3(l+<r)a,'*f a , 

where f(r) = — p' for 0 £ r 36, and vanishes for b 3 r 2 a. 
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Since J 0 (t,a) = 0 and f[a) = 0, we arrive at equations (55) and (55) with 
the omission of the terms in p, and, multiplying throughout by J 0 (jfc ll r)r l 
integrating from 0 to a and using the result of (65), we get expressions for 
P n i F/. The results are, as before (art 15), with added terms of the type 


2L 

Kb 


Ji(^) 

J i(Ka) 


; the remainder of the analysis of art. 15 is unchanged 


The equations corresponding to (57) and (56) are the same with added 
terms, so that the constants of the solution can be determined. 

The results for a thick plate can be worked out if required, but arc, necessarily, 
rather complicated. 

To proceed to the case of central loading we make b -*■ 0, so that - *■ 1 

kjb 


The equation giving the normal deflexion of the middle surface is then the 
Bame as (60) with the following added term, — 


1 + q 2**1 [2 (l — X cosh k m h Jo (fc»r) 

E A 5 L ' 1 smh 2£Jk - 2 k n K kM {k n a) 

, A® s, &„ a A a gmh k n h Jo (fly) ~[ 
^ a- 7 sinh 2 k n h - 2 h H h kJa'Jf (k 9 a)i 


Approximate results for the new senes introduced can be obtained as in 
art. 17, using the results of art 11 (c), and the normal deflexion can be calculated 
as before for a specified value of hja 

There is one point to be made clear concerning the value of the deflexion 
at r = 0, z = 0 We have, by (41), 


m 

£ 


JaM 



which becomes infinite for r = 0, and so the expression 

h* A kjh 1 sinh kji _ 1 

a B , ainh2A,A — 2Jfc*A 


must be examined more closely, because the deflexion at r = 0, % = 0 10 finite. 
We have 


Q 1 sinh 0 
smh 26 — 20 


=i 




e* 


■+! 


+ - ■ + 


«.«* 


(2f + 3) I 




}/(6). “ 7 . 


and/(0) < l,for 0 ;> 0. 
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Clearly 


where 


/(« < 


~T~ 




<f> (6) = ■ 


> + ?- 


+ 


e* 


1 + ifi e,+ 


+ 


(2r + 1) I 

30.2 lr+s 


+ 


(2r -|- 5) I 


0 ® + 


The ratios of corresponding coefficients in the numerator and denominator 
of ^(8) decrease steadily from I to zero, bo that <£(0) < I- 
Thus 

f(fi) < ^ and 8 = l - l - 

JK 40“ , smh 2/fc„A - 2*„A /t„ a a a J, a (Jb,a) 

1 f . 

8 < 105 v 1 1 = 10fo a g 1 

16 7 * n a a a Ji 8 (M) 16A 8 i (M)' 

i,s ins 

so that — S < ■— (art 11 (c)), and the deflexion at r = 0, z = 0 is finite. 
or 12o - 


To proceed to the limiting case of a thin plate, we follow out the method of 
art 16, replacing the various infinite senes that occur by their equivalents 
as given by equations (26), (41) and (42), and the result given by Love 
Elasticity,’ p. 488) is obtained 

The problem can also be discussed using the boundary conditions of problem 
B, and detailed results obtained in both cases for the case of central loading, 
but enough has been said to indicate the possibilities of the methods of this 
paper. 

Some General Considerations, 

(25) The Question of Uniqueness of Solution. 

The question arises as to whether the solutions, given in this paper, of the 
problem ol the thick circular plate, with assigned stress boundary conditions 
over the plane faces and displacement boundary conditions at the cylindrical 
edge, are true solutions in the sense that they are the only solutions. 

If either the surface tractions or the surface displacements are given com¬ 
pletely, it is known that the solution of the problem of elastic equilibrium 
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ia unique, so that the stress displacement Bystem throughout the body is 
determinable without ambiguity {vide Love, * Elasticity, 5 p. 167). 

The argument can easily be turned to suit the case where the tractions are 
given over part of the bounding surface and the displacements over the 
remainder, so tliat, in the case of the circular plate, with symmetrical loading, 
if zt and rz are given over and U, ty over r = a, the problem would 

have a unique solution. 

In the cases worked out m this paper the stresses are so given over z =*= ± h, 
but one only of the displacements U, w has been completely specified over 
r = a, for all values of 2 , the remaining displacement being given for particular 
values of z only. Thus, in the sense of the above remarks, the solution, certainly, 
is not unique 

It has been shown, however, that a complete solution as such is not possible 
by the methods employed, and, therefore, it becomes necessary to consider the 
limitations of the partial solutions obtained 

It is clear from the argument in art. 14 that solutions could be obtained 
to satisfy more general boundary conditions at r = a, although they would 
be very complicated, 

Thus, m the case of problem A, we could by choice of m (art 14) make U 
vanish at s positions, say, on the cylindrical edge by choosing m = 2 H s. 

If, for example, we make U = 0 for r = a, z = ± A and also for r = a, 

z = 0, so that m = 6, the solution gives the same equations for a/ and «/ 
as before, so that the law of bending of the middle surface, which depends 
only on these constants (equation (60)), is unchanged. 

In the solution as given, U does not vanish at r = a, z — 0, and it is interesting 
to note that the vanishing, or otherwise, of U at this position has no effect on 
the bending of the middle surface. 

Similarly, in the case of problem B, we may take = 0 for r = a, 2 = ± A, 

instead of merely w = 0 for r a, z = 0, as worked out. 

The more general solution is very lengthy, but, on working it through, and 
approximating as usual to the infinite series which occur, we find that the 
normal deflexion of the centre of the plate is the same as before to the order 
of 

It is found that the analytical difficulties of the problem arc greatly increased 
as the number of terms in the finite part of the solution becomes greater, and 
it seems advisable do content ourselves with the simplest possible solutions 
which apparently give a unique value for the bending of the middle surface, 
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and so, in a sense, may be regarded as the appropriate solutions consistent with 
the given boundary conditions, 

(26) Experimental Determination of the Elastic Contents 
A point of some importance, upon which, it is hoped, the present investigation 
may serve to throw some light, is the fact that different values of the funda¬ 
mental elastic constants, Young’s modulus and Poisson's ratio, are obtained 
when various tests are applied to specimens of metal 

Thus the tensile test and the bender test give slightly different values of 
Youngs modulus, and it is clear that tests on the bending of plates will give 
values differing from those obtained by the other tests mentioned, if the accepted 
formula for thm plates is used, 

Filon, in a memoir " On the Equilibrium of Circular Cylinders under Certain 
Practical Systems of Load ” (' Phil. Trans A, vol 198 (1902)) has shown that 
the values of the elastic constants determined by a tensile test depend on 
the dimensions of the test piece, and it is clear that similar consideration* 
apply to the bending of plates, as the effective thickness (A/a) of the plate 
must be taken into account 

Most experimental work in the past* has been done with plates for which 
the Crash of formula, so called (p. B66, equation (17)), applies fairly well, as 
the thickness-diameter ratio was of the order T V to ho that the effect of 
the dimensions of the plate was not important, but more recent work, as 
mentioned below, has shown that this formula fails for thick plates 

(27) Experimental Results for Thick Plates 
Experiments on an extensive scale have recently been made, using plates 
of varying thickness-diameter ratio up to a value exceeding \ f these plates 
being manufactured by turning out a block of metal in order, as was thought 
at the time, to secure ofiective clamping. 

The results, however, showed central normal deflexions for thick plates 
greatly exceeding those calculated for a clamped plate by the usual formula, 
the discrepancies increasing with the thickness 
They have boon compared with the values calculated from the various 
formulas arrived at in this paper 

* Experimental nsearchea which have been consulted are the following „— 

OrawfdhL 1 Proc R.S.E / voL 32, p. 346 (1911-1?). 

Stcin&hal, 1 Engineering,’ voL 91, p. 077. 

EhmHu, 1 BfogLer’s PolyteohnlKher Journal, 1 vol 318 (1903). 
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It is curious that the best agreement with experiment is given by the formula 
for w at r = 0, z = — h, using the boundary conditions U = to = ^^0 

for r = a, z = 0, for which (19) gives the deflexion at r = 0, z *= 0, 

It is not considered, however, that the simple solution, with these assump¬ 
tions, can be applied to the case of a thick plate, since the boundary conditions 
refer only to the middle surface, and the agreement with experiment must be 
regarded as accidental 

Of the solutions which are taken specifically to apply to the case of a thick 
plate with a fixed cylindrical edge, the better agreement is found with those 
values calculated from the formula (84), which was obtained on the assumption 
Tj ™ 0 for r = a, h > z > — h 

The results tabulated below were obtained using plates 3 inches in diameter, 
and they are compared with the calculated deflexion m inches given by the 
thin plate formula (17), the appropriate formula for r = 0, z = — A corresponding 
to (19), and the formula (84) 

The value of a used in calculating these results was 0 266, but this figure 
is not veiy reliable, and it is probable that the value should bo somewhat 
greater , if so, the figures in columns 4, 5 and 6 would be increased 

The agreement between columns 3 and 5 is far from perfect, but it must 


Table IV. 


1 

2 

a 

4 

5 

«■ 

T 

8 

9 

ThUiknoa* 

hfa. 

Deflexion for 
p - 1000 lb 
per aq in 

1 Deflexion 

Deflexion 

Deflexion 

Col 3 

Col 3 

col a 

In inohoa 

from (17). 

from (84), 

from (18') 

ThfTi' 

Col a' 

Col. 0 

0-1 

1/30 

0-03100 

0 020800 

0 030300 

0 030420 

1 040 

1 023 

1 018 

0 2 | 

1/15 


0-003728 

0 008980 

0 004040 

1 188 

ilia 

1 096 

0 3 

1/10 


0 001105 

eaa 

0 001313 

1-425 

1-238 

1 200 

0 4 

2/10 1 

0 000740 

0 000466 

Si 

0 000621 

1-688 

1 252 

1 192 

0 6 

1/6 

0 000427 

0 000239 

0 000340 

0 000363 

1 787 

1 256 

1-176 

0 fl 

1/fl 

0 000287 

0 000138 

0 000221 

0000240 

2 080 

1 298 

1-196 

0 7 

7/30 

0 000203 

0 0000870 

0 000169 




I'M 

0-8 

i/u 

0 000150 

0 0000582 

0-000121 

0 000164 

2-578 

1-242 

1-120 


" (19') Ja used to refer to t&« formula for v at r — 0, a *■ — A, oOrmpoodisg to (19). 
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be realised that there is do guarantee that the boundary conditions postulated 
have been secured ; the more or less steady values in column. 8, lor the thicker 
plates, would appear to show that the theory is on the right lines 

It could hardly be expected that an admittedly tentative set of boundary 
conditions would be realised in practice, and it ib possible that there exists 
unavoidable boundary strain which cannot be taken account of in the theoretical 
treatment of the problem. 


(28) Summary and Conclusions 

The investigation in this paper is that of the flexure of a thick circular plate, 
held so that there is no displacement at the cylindrical edge, subjected to a 
uniform pressure over one of the flat surfaces 

Throe types of solution have been considered -- 

(I) The solution in finite terms , 

( II ) The solution in infinite series involving hyperbolic functions of z 

and Bessel functions of r ; 

(lii) The solution afforded by a combination of ( 1 ) and (u). 

It has been shown that no one of these solutions can solve the problem in 
its Complete generality, and each has been examined in turn to discover what 
problems can be discussed by its aid. 

The solution (i) leads easily to the usually accepted results for thin plates, 
but is incapable of dealing with the case whero the thickness of the plate 
cannot be neglected. 

Solution (ii) is of restricted apphcation, as boundary conditions at the edge 
referring to one displacement only can be satisfied. 

Solution (m), in venous forms, permits of the discussion of a variety of 
problems, the method being to satisfy the stress boundary conditions over 
z = ± A, and then to consider different boundary conditions at r = a, such 

conditions being expressed in terms of u> and U 

It is possible to satisfy one condition only at r = a, for all values of z, such 

as w«0 or U = 0, and these have been considered in turn, the remaining 
displacement being made to vanish for specified values of z only, thus leading 
to partial solutions of the problem. 

It is fouAd that, for a thick plate, the condition U = 0 for r = a, k> s > — h 
leads to greater bending for a given pressure than the condition %o => 0, which, 
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in its turn, gives more than that according to the usual formula for thin 
plates. 

In each case, the usual result for a thin damped {date is obtained in the 
limit when h/a tends to zero, 

Methods have also been indicated for the discussion of the problem for the 
case of non-uniform loading, particularly when the load is concentrated 
entirely at the centre The theoretical results for thick plates are expressed 
m the form of infinite aeries, which have been reduced to simple terms by the 
methods described in the paper, bo that concise approximate expressions for 
stresses and displacements are obtained which are vahd in most cases even 
for comparatively thick plates (e g ., h/a = J). 

The distribution of stress throughout the plate in the oases considered is 
indicated by tables giving the values of the stresses at various particular points, 
and attempts arc made to determine the greatest stress in terms of the applied 
pressure and the ratio h/a 

The maximum stresses vary m position and magnitude according to the 
valueB of g and h/a , and are best determined at initio in any particular case. 
It is hoped later to obtain, experimentally, some criterion for elastic failure 
in the case of the bending of thick plates, and then, perhaps, to make further 
applications of the results of this paper 

In conclusion I wish to make my grateful acknowledgments to the following 
gentlemenProf A E. H Love, F.R.8 , who read the paper in ltd first form 
and made valuable suggestions for alteration and improvement; my friend and 
colleague Captain W. E. Orimshaw, 0 B E. t who also read the papeT and with 
whom I have discussed* various points ; my colleague Mr. 0, M. Russell, who 
undertook the experimental part of the research*; and Mr. N. M H. Lightfoot, 
now assistant lecturer in the University of Sheffield, who carried out a good 
deal of the numerical work involved. 

* Th« work was carried out in the Ballistic Branch of the Research Department, 
Woolwich 
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On the Total Photo-Electric Emission of Electrons from Metals as 
a Function of Temperature of the Exciting Radiation . 

By 8. C. Roy, M.Bc , Physios Research Department, King’s College, London 

(Communicated by Prof 0 W Richardson, F R 8 —Received July 29, 1926 ) 

1. Introduction. 

In the year 1913 K T. Compton and 0. W Richardson (‘ Phil. Mag voL 20, 
p. 549 (1913)) published a paper containing an important investigation on the 
action of homogeneous mono-chromatic radiation on a number of metals The 
essential characteristics of the photo-electric activity of various metals are set 
out m their experimental curves obtained by plotting photo-electric yield of 
electrons against exciting frequency These curves contain double maxima 
in the cose of extremely electro-positive elements like Na, and one maximum 
for a leas electro-positive metal Al, while the curves for Pt exhibit no maximum 
in the range of frequencies covered by their experiments Later investigations 
by Souder (' Phys. Rev / vol. 8, p 327 (1916)) and O. W. Richardson and 
A F. A* Young (' Roy. Soc Proc A, vol. 107, p 377 (1925)) have confirmed 
these general characteristics of photo-electric activity-frequency curves A 
photo-electric maximum for the " selective *' effect was observed by Pohl and 
Pnngsheim (‘ Verh. d. Deutsch. Physik, Ges,’ vol 11, p. 1039 (1910)) as early 
as 1910 in the case of some clectro-positivu elements. The general shape of the 
humps in their curves appears to be a function of the angle of incidence of the 
exciting radiation, nevertheless, the position of the maximum is quite 
independent and definite. Lately, R, Do pel (' Zeits. ftir Phys.,’ vol. 33, p. 237 
(1929)) has shown that a less electro-positive metal like Sr also shows the 
photo-electric maximum It is therefore probable that all metals would exhibit 
such maximum photo-electric effect if it were possible to extend the range of 
exciting frequencies far into the ultra-violet. The presence of double maxima 
in the curves for Na and K probably points to the existence of two photo¬ 
elec tno thresholds in these elements, as suggested by 0. W. Richardson (' Proc, 
Phys. Soc. London/ vol. 36, p, 388 (1924)), and may lead to interesting 
developments in future. 

In the following Table I are collected the observed values of the long wave¬ 
length limit X* and the wave-length of the maximum photo-electric effect. 
A comparison of the figures in columns 1 and 3 sbowB that the frequencies 
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v 0 and v n can be correlated within the range of accuracy and consistency 
attainable in photo-electric measurements by a simple relation, 

= iNo U) 


Table I. 


Metal* 

(obs) 

X^(obB) 


Ca 

M0* 

> 700 J 

>600 

Rb 

480* 

— 

— 

K 

440* 

7001, 

677f 

466 

Nft 

360f 

386 

Ca 

360* 

400|| (T) 

267 


2 BO* 


— 

Iff 

260* 

390f 

260 

247■5f 

30OT 

240 


- Fohl and Pringahetm, 1 Verh d D Phys Goa vol 12, p 240 (1010) j vol. 12, p. 682 (1010); 
vol 13, p 474 (1011), vol 14, p 46 (1012), etc 
t K. T, Compton and O, W Rlch*rd»on, loc cil. 
j Come Li us, ‘ Phyi, Rev,' vol 30, p 3 (J910) 

S A. F A Young, ‘ Roy, Soc Pmo A, vol 104, p All (1023), 

|| Richard Hamer, Optical Soo of Amenca, ‘ J A Rev, So. Inat,' voL 0, p. 201 (1024) 


This significant result leads at once to the formulation of a functional relation 
between photo-electnc activity and exciting frequency Thus if F„ represents 
the number of electrons emitted by the absorption of unit quantity of radiant- 
energy of frequency v, then the relationship (I) is satisfied if F r be of the form 

F„ = const -—~ , (2) 

v 

These two important relations were given by 0. W. Richardson ( f Phys Rev., 1 
vol 34, p. 119 (1912) ; * PhiI. Mag./ vol 29, p. 015 (1912); vol. 24, p. 570 
(1912)) on the basis of some thermodynamic and statistical reasoning, As a 
matter of fact, these two relations'represent all the important aspects of the 
photo-electric operation of monochromatic hght on metals. A. Becker (' Ann 
der. Phys., 1 vol, €0, p. 30 (1919)) attempted to represent the photo-electric 
activity of platinum by an empirical relation of the form 

F, - coMt. (l - a) 1 , (3) 

No importance can probably be attached to this empirical relation inasmuch 
as It it based on data of photo-electric activity of a single element over a limited 
range of frequencies, and also particularly because it fails to represent a very 
important feature of the photo-electric activity-frequency curve, namely, the 
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existence of a frequency of maximum effect related to the threshold frequency 
id some such simple manner as ie expressed in relation (I), 

It should, however, be pointed out that the theoretical curve of photo-electric 
activity aooordwg to the expression (2) differs somewhat in shape from the 
experimental one , but there are a number of causes which might furnish a 
natural explanation of this discrepancy. This is, however, of secondary 
importance for a study of the broad features of the photo-electric activity of 
metals, 

The total photo-electric yield of electrons resulting from the action of a 
“ black-body 11 spectrum is obtamed by multiplying the function F P by the 
intensity K, and integrating it over all frequencies greater than the threshold. 
One thus obtains 

NpboL — f F„. K P dv 
l*i 

= const. T 3 . e-^ ,r . ( 4 ) 

It is clear that a law of total photo-electric emission in the form (4) is a conse¬ 
quence of the presence of a maximum photo-electric effect at a frequency 
v » — iv 0 . 

William Wilson ( £ Hoy. Soo. Proo./ A, vol, 93, p. 359 (1917)) was the first to 
make measurements on the total photo-electric emission, using Na, He was 
able to represent his results by a law of the form, 

Npbot = const. T*. t~ 6/T , (5) 

where a lies between 1 and 2. A. Becker (' Ann. der Physik/ vol. 78, p 83 
(1925)) has recently studied the photo-electric excitation of A1 by the complete 
radiation from a tungsten source at temperatures of 2100-3200 aba. He 
concludes that a is greater than 2 and probably lies between 3 and 4. Owing to 
the predominating influence of the exponential term in (5), it is scarcely possible 
to decide experimentally between values of a such as 1, 2, or even 3. So 
far as the writer is aware, these are the only two experiments on record * 
0. W. Richardson (‘ Emission of Electricity from Hot Bodies,' pp. 97-100 
(1916), and 'Phil Mag vol. 31, p, 149 (1916)), on some computations baaed on 
experimental data on the action of monochromatic light on Pt, pointed out that 
the value of the total photo-electric current from Pt by “ black-body ** radiation 

* Langmuir (‘ Joum. Am Chem. Boo vol. 42, p, 2100 (1020)) mentions in a footnote 
(p. 2904) that some careful experiments (unpublished) made by him on the total photo- 
electric emission from tungsten hid shown that the magnitude of the photo-electric currents- 
Waact the order of oae-nnUkmth of the corresponding thtfmionk current*. 

VOL. oxii —a. 2 g 



602 8. C, Roy. 

at 20G0 OA should be about 10 T times less than the thermionic current from Ft 
at the same temperature 

The idea that the thermionic omission from hot bodies may really be due to 
the photo-electno activity of the radiation of the hot body iteell owes its origin 
to 0 W Richardson (loc. at) and W. Wilson (‘Ann. der Physik,’ vol. 42, 
p. 1104 (1913)) So far as variation with temperature is concerned, Wilsons 
experiment substantiated this view. Further, A Becker (loc. cU ) brought 
forward another fact to strengthen the basis of the radiation theory of ther¬ 
mionic emission—namely, that the distribution of velocities amongst photo- 
electrons is the same as is found in the thermiomcaily emitted electrons But 
although no systems tic attempt has been made to study quantitatively the 
magnitude of the total photo-electric emission, it is generally known that the 
amount of thormiomc emission of electrons is vastly in excess of the total 
photoelectric emission. This fact has been made the basis of some comments 
against the radiation theory of thermionic emission It is obvious that the 
origin of such adverse criticism lies m the fact that one is apt to overlook the 
distinction between thermionic and photo-electric phenomena when laying too 
mnch emphasis on the resemblance between them That both kinds of processes 
are promoted by radiation of course constitutes a resemblance , but the 
distinction lies in the fact that one is due to the action of radiation on a system in 
temperature equilibrium, while the other is duo to the action of high-temperature 
radiation on a cold system. In the thermionic phenomenon the exciting 
radiation is isotropic, and has the same intensity throughout the body of the 
emitting system, while in the photo-electric experiments the intensity of the 
exciting radiation is greatest at the surface of incidence, and falls of! 
exponentially with the depth of penetration. 

Recently the writer (' Phil. Mag,,' vol. 00, p 250 (1925), 1 Roy Soo Proc./ 
A, vol 110, p, 043 (1920); 1 Z. fllr. Physifc’ vol 34, p. 499 (1925)) made 
some attempts to renew an interest in the radiation theory of thermionic emis¬ 
sion and chemical reactivity The phenomena which may be supposed to be 
due to the action oE radiation on a system in temperature equilibrium are 
(I) the thermionic emission of electrons from solids, (II) the thermal ionisation of 
gases, (III) the unimolecular decomposition of chemical molecules by heat; 
while those promoted by the action of high-temperature radiation on a cold 
system are (I) the photo-electric emission of elections from solids, (II) the photo¬ 
electric ionisation of gases, and (IH) the photo-ohemihal decomposition of 
chemical molecules. It occurred to the writer that if one could explain the 
quantitative discrepancy between thermionic and total photo-electnc currents* 
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one would strengthen the basis of the radiation hypothesis of chemical 
reactivity in general But before one can do bo, one must have at one’s disposal 
some quantitative data on total photo-electric emission It was with this 
object in view that the present experiments were undertaken by the writer 


2 Experimental Arrangements . 

The apparatus (as shown to scale in plan in fig 1) is made of transparent 
quartz-glass, and was originally designed by Prof 0. W Richardson for the 



study of soft X-rays It was found, however, that the same quarto-tube could 
be adapted with certain modifications in arrangements to the study of total 
photo-electric emission of electrons from metals by the action of radiation from 
an approximate u black-body ” source 

The source of radiation is an electrically heated tungsten wire Of radius 
0-005 cm,, and of length about 10 cm, wound into a spiral of 11 or 19 turns. 

2 s 2 
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This spiral, F,, is kept centrally suspended inside a closed copper cylinder, Cj, 
of height 2 -3 cm. and of diameter 2 2 cm., by means of two Btout leads, L, 
of constantan wire. The use of a fairly large length of tungsten ensures 
precision in the measurements of temperatures and reduoes to a minimum any 
correction due to end-losses The copper cylinder, C 1( is put to earth and the 
filament is maintained at a positive potential of about 10 volts in order to prevent 
emission of electrons The radiation from the filament streams out of the copper 
cylinder through a rectangular slit, Sj, 2 cm X 5 mm. in dimension Any 
positive ions or electrons diffusing with the stream of radiation are trapped by 
a pair of metal condenser plates, A and B, which are held tight against the flat 
walls of the apparatus These plates are, respectively, 2-2 X 1 ‘8 and 2x18 
sq. cm in size, and about 0 52 cm apart, A potential difference of about 50 
volts or even less between the plates suffices to extract all the ions or electrons 
from the beam of radiation when the pressure inside the apparatus is less than 
10 -6 mm. 

The radiation enters through a second slit, S a , of dimensions 2 cm X 2 ‘3 mm., 
into the copper half-cylinder, C* and impinges upon the photo-eleotnc .targets 
enclosed by C a The electrons liberated from the target by the incident 
radiation are drawn to C a , which is maintained at a positive potential of about 
20 volts. This potential is sufficient to saturate the photo-electric current h, 
which range from 10 11 to 10~ 14 amp in the present experi¬ 
ments These currents are measured by a suitable electro¬ 
meter of sensibility 30 4 cm. deflection on the scale per 
volt, and of capacity 96 om 

In order to ensure that the cunent so measured is really 
due to photo-elaotno action, and also to enable a comparison 
of the photo-eleotnc properties of various metals to be made 
under the same experimental conditions, the experiment is 
so arranged that four different metal targets oan be studied 
at the same time. For this purpose four metal targets 
(2 cm x 1 cm.) are mounted in a nickel framework, T 
(fig. 2), which is held by means of two metal spikes, P x and 
Pb to a metal collar, M 1( fixed tightly round a short glass 
tube, Tj, carrying two iron arms, I 4 and 1* by means oi a 
second metal collar, M,. The glass tube, T v has four grooves 
cut in its bottom at equal angular distances of 90°, and can rest vertically 
through any of these grooves on a pin, P, attached to a glass tube, T r The 
electrical connection to the target-holder, T, is made by means of a spin! oi 
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thin copper wire passing through T a The target-holder, T, can thus be lifted 
and turned from outside by means of a small electro-magnet bo as to present 
any of the metal targets to the action of the impinging radiation 
The evacuation of the apparatus is done by means of Volmer’s condenaatio 
pump system backed by a FIpunb oil pump, The apparatus is connected to the 
pump system through two double-walled glass condensers in senes, one of them 
containing coconut charcoal. Both of these glass condensers are kept immersed 
in liquid air after complete evacuation by the pumps. The joints and Reals are 
all made with hard sealing wax of very low vapour pressure. The central parts 
of the quartz apparatus can be heated to red heat to get rid of occluded gases 
The metal cylinder, Cj, is degassed by electron-bombardment from the filament, 
F^ and the half-cylinder, C‘ a , and the metal targets can be cleaned up by 
bombardment of electrons from an auxiliary filament, F a In this way it in 
always possible to maintain a pressure lower than 10 -6 mm inside the apparatus 
when the temperature of the filament, F a , does not exceed 3,000°* 

3. Electrical Connection* 

The electrical connections are shown diagrammatically in fig. 3 The resist¬ 
ance of the tungsten spiral, P,, is measured by a simple Wheatstone bridge 



Fio. 3 


arrangement, of which F 4 constitutes ono arm and P, Q and K are the other arms. 
R is made of very thick mangamne wire, so as to be capable of carrying a large 
current without heating, and has a resistance of 5 -44 ohms., which is comparable 
with that of the spiral at high temperatures. The resistance of the am F is 
2.000 ohms and that of Q is variable The P-4) obtmit has a reentrant forge 
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compared to that of the R-Fj circuit, so that a very negligible fraction of the 
current passes through P-Q The heating current of the filament is supplied 
by a set of storage batteries of about 02 volts through an adjustable rheostat* r* 
G is the bridge-galvanometer The ammeter, A, measures the heating current 
of the filament, and the voltmeter, V, records the voltage drop across it The 
positive potentials on the filament, F lP the metal plate, B, and the copper 
cylinder, C a , are taken from a set of dry cells of about 30 volts, whose negative 
terminal is put to earth The cylinder, C iT with the condenser metal plate, A, 
is also earthed. The target-holder is connected to the electrometer by means 
of a wire running through an earthed metal tube 

i. Measurements of Temperature 

The temperature of the filament is estimated by three independent methods * 
(I) by direct measurement of its resistance, (II) by the wattage input given by 
the voltage drop and heating current in the filament, and also (III) by measure¬ 
ment of saturated thermionic current. Owing to the fairly large length of the 
tungsten wire used for the filament, any correction due to end-losses is very 
small, and it is thought unnecessary to introduce it, particularly in view of the 
fact that radiation from all parts of the filament is operative In producing the 
observed photo-electric current so that an estimate of the average temperature 
of the source is more desirable than that of its central part alone In practice 
it is found troublesome to employ the three methods of measurement in each 
individual experiment Occasional comparison of the estimation of temperature 
by the different methods shows fairly satisfactory agreement. The methods 
(I) and (II) can be equally relied upon. The estimations of temperature given 
in the following pages are all made from direct measurements of resistances of 
the filament, and the scale of temperature adopted is that of Worthing and 
Forsythe * 

5. Experimental RetfuUs 

Measurements on total photo-electric emission of electrons from eleven 
elements—Al, Fe, Mo, C, Zn, Pt, Ag, Au, Ta, W and Ni—are given, and the 
constants of the equation 

f — a Tia */T | i, Avp "1 

— A ubot * z j o j 

are determined from these data by plotting graphs of (Jog ]0 1—2 Iogi 0 X) against 
T" 1 (figs, 4, 3 and 6). 

* Report oa 1 The Pr o per t ies of Tungsten and the Characteristics of Tugsten Lamps.' 
Bee also Worthing, 4 Fbya. Rev./ vol. 19, p. 436 (1922). 
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The .specimens were supplied by Johnson. Mu they and Co They were not 
subjected to any special heat-treatment in these experiments, but were cleaned 
with sand-paper before inserting the target-holder into the apparatus. The 
pumps were started just after its insertion, and a vacuum of the order 10 -6 mm. 
could be attained in about two hours' lime 

The range of temperatures covered by the present experiments extends 
from 1900° A to 2700 OA The pressure inside the apparatus was always about 
10" T mm. when the photo-electric currents were measured At higher tempera¬ 
tures evaporation of tungsten from the radiating source interferes with the 
maintenance of satisfactory working conditions inside the apparatus, and it ia 
found difficult to maintain a vacuum at a pressure lower than 10~* mm. 
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Table If 




I phot X 10* B amps per aq cm 


r* 





A1 | 

Fi' i 

j 

Mo 

V 

2073 

2 240 

_ 

_ 


aiaa 

4 340 

— 

— 

— 

2104 

0 241 

a lsi 

— 

— 

2272 

20 02 

n 072 

2 801 

1 701 

ms 

40 40 

0 590 

n *03 

5 042 

2402 

08 71 

17 53 

10 11 

10 02 

2405 

127 4 

31 00 

17 07 

14-02 

202k 

101) 2 

53-90 

24 56 

a* ia 

2587 

— 

03 11 

43 70 

41-BO 

2000 


- 

02-00 

72-11 


Table III 


10* - T-', 


20 + (log u l r hot - 2 lf»H,rt T) 



A1 

he 

Mo 

C 

0 4820 

0-7174 




0 4B88 

0 9795 

— 

— 

— 

0 4507 

1 2838 

0 7100 

-- 

— 

0*4401 

1 5888 

1 0412 

0 7348 

0 5331 

0-4*70 1 

i 8884 

J 2538 

o 9m 

0 0040 

0 4104 

2 0701 

1 4827 

1 2437 

1-2772 

0 4007 

2 2210 

1 7190 

1 4488 

l 3814 

0 1 3072 

2 4220 

1 9258 

1 5845 

l 5773 

0 3860 

— 

2 1483 

1 8155 

J- 7958 

0 3774 


— 

2 0700 

2 0110 


Table IV * 


I phot X 10 lB amp peraq cni 


T K 



A1 

Fe 

1 

Mn 

C 

2040 

1 702 

_ 

_ 


2106 

( 048 

~ 

— 

—. 

2181 

7 508 

2 BOO 

— 

— 

2248 

14 90 

0 278 

2-804 

2 024 

IS* 

29 10 

11 87 

G 034 

4-550 

55-12 

23-34 

11 87 

9 004 

2401 

103 7 

42 42 

28 34 

18 42 

3581 

175 0 

77 7B 

43 74 

80-90 

3002 

— 

127 a 

77 78 

71-0* 

*070 

— 

” 

155 0 

140-0 


* Tables IV and VIH contain ■ second wt of ob»rratioiu made on these ipe>lneiti after 
bisk aorapin^ with a sharp knife 
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Table V. 


10* T J 

Ai ! 

20 + (login Ipho 

1 

i -r> 

Mo 

! r 

i 

0 4B8H 

0 631H 




0 474© 

0 9161 

— 

, 

— 

0 4 ASA 

1 2010 

0-7008 


— 

0 4448 

1 4094 

1 0941 

O'7440 

0>0084 

0 4310 

1 7390 

J 3447 

1 0908 

0 9282 

0 4105 

1 9822 

1 0080 

1 3153 

MOW 

0 4063 

2 2394 

1 8464 

1 5840 

1-4911 

0 3961 

2 4302 

2 0840 

1 8341 

1 7588 

0 3843 

- 

| 2 2740 

2 0600 

2 0254 

0 9737 

■ 

— 

2 3370 

2 2911 


Table VI. 


T A 


Ipbot v 10 11 pimp 

per opi, 



A1 

Xn i 

H 

1 

[ Pt 

1050 

1 406 

! 


! 

2014 

3-222 

2 078 

~ 


2080 

0 900 

0 839 

J 485 


2145 

12 90 

10 67 

0-102 

1 2 720 

2210 

i 29 40 . 

10 60 i 

10-07 

4 556 

2278 

43 87 ! 

37 64 ! 

21-64 

6-993 

2837 

M2 62 | 

73 01 | 

4620 

10*00 

2402 

195 0 

134 4 

87-74 

41-20 

2453 1 

1 

— I 

198 8 

82 62 

2920 1 

— 

I | 

— 

128 4 

2984 


- ! 

— 

81,4 


Table VII 


10" T 1 

+ (l°gn Iphot lo 8i« T) 


M 

| Zn 

Ag 

Pt 

0 6128 

0 5947 




0 4665 

0 9001 

0 8206 

— 

_ 

0-4808 

1 1460 

1-1300 

0 6003 

_ 

O-40A2 

1 4334 

1 3774 

1 1268 

0-7695 

0-4525 

J 0805 

. 1 6013 

1-3516 

0 6066 

0-4421 

1 0270 

1 8839 

1-6860 

1-1036 

0-4270 

2 1765 

I 2 1311 

1-9184 

1*0740 

0-4170 

2-4310 

2-3561 

3 1820 

l-8ft2 

0-4060 

— 

— 

2-4170 

2'1006 

0-8059 

— 

— 

— 

2*8200 

0-3870 1 


■— 

— 

2*5171 
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Table V1IT 


T rA 

IphcFt X 10 11 amp per *q cm 

ai - ! 

1 

Zn ; 

A« 

PI 

1045 

1 045 



. _ 

2008 

3 814 

2 070 

1 010 

— 

2074 

7 880 

3 754 

3 815 

— 

euo 

14 47 

11 DO 

7-67J 

2 500 

2209 

27 54 

21 04 

10 91 

fl> 158 

2271 

51 05 

41 20 

2B 05 

11 61 

2390 

93-56 

00 85 

47 25 

1003 

2394 

140 4 

107 0 

77 08 

36-04 

2460 

234 0 

200 A 

140 4 

70-90 

2917 

_ 

— 

234 0 

117-0 

2578 

— , 


— 

216 0 


Table IX. 


I0» X T 1 

20 f (I^g,* Tphot —2 log If T) 


AI 

Zn 


Pt 

0 0142 

0 7110 


1 


0 4981 

0 9700 

08224 

0 6542 

— 

0 4017 

I-2626 

I 1256 

0-9471 

— 

0-4673 

1 4996 

1-4145 

1 2259 

0 7083 

O'4520 

1 7516 

1 6530 

1 5401 

1 1012 

0-4403 

1 9956 

1 9034 

1 7492 

1-3622 

0 4292 

2 2363 

2 0905 

1 9398 

1-5060 

0-4191 

2 3880 

2 9768 

2 1336 

1 8091 

0 4065 

2 5873 

2 5204 

2-3655 

2 0645 

0 3973 

— 

— 

2 3671 

2 2664 

0 3879 

— 

— 

f 

2 5119 


Table X. 


T»a 

Iphcl X 10 11 a-iup /am 1 

T» 

W 

321- 

| Au 

2061 

1 072 


1 713 


2110 

4 555 

— 

3 087 


2170 


— 

7-798 

— 

2240 

15 60 

3-474 

13-00 

2 864 

2810 

20 00 

0-619 

24-21 

ft 846 

2171 

47-40 

13 00 

46-80 

10-07 

2441 

93 58 

26 00 

9006 

27 05 

2001 

147 8 

00-H 

104 8 

80 05 

2062 


80-09 

— 

70-20 

2023 


122-1 

— 

127 4 
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Table XI. 


10* T- 1 

20 (Loffn lptmt —2 lo(j 10 T) 

T * 

\\ 

Ni 

Au 

0 4876 

0 0708 


0 6093 


0 4720 

1 -007 

— 

0-9492 

— 

0 45*7 

1 27*4 

— 

1 2172 

— 

0-4401 

1 4*2* 

0 8407 

l 4201 

0 7072 

0 422* 

1 0890 

1 0038 

I 8570 

1 0999 

0 4217 

1 0287 

1 3840 

1 0203 

1*4992 

0 40*6 

2'1*82 

1 6400 

2 1817 

1*6571 

0 39*8 

2-3720 

1 9036 

2 4206 

1-7542 

0 390* 

— 1 

2 1126 


2 9393 

0 3821 


2 2400 

— 1 

3-1383 

1 


That the variation of total photo-elcctnc current** from all these met ala 
with temperature of the source are satisfactorily represented by Richard sous 
law of thermionic emission is shown by the linear plots of (logio Ip^ot ■— 2 log M T) 
against T" 1 in figs. 4, 5 and 6. 

7 . Intensity of the Incident Bcdtulum at (he Surface of the Targets. 

In order to be able to compare the observed photo-electric currents with any 
theoretical calculations, one has to know what proportion of the radiation 
emitted by the tungsten-source reaches the photo-electric target, An estima¬ 
tion of this necessarily involves considerable uncertainty, owing to the 
geometrical arrangements of the apparatus and the unknown correction for 
cooling at the ends of the filament. 

If E„ be the emissivity of tungsten for radiation of frequency v, and K, 
be the specific intensity of “ black-body ” radiation of the same temperature 
as that of the tungsten-source, its spocific intensity of emission is E,.K„ and 
the amount of radiation falling per second on unit area of the target is equal to 
f. E„. K„, where / is a fraction determined by the distance between the source 
and the target, and other geometrical arrangements of the equipment. 

The distance between the source and the target in the present experiments 
is 6-5 cm. The slit 8, is about & nun in front of the target, and has a width 
0 - 2d mm. For practical purposes, therefore, the portion of the target receiving 
radiation can be regarded as a part of a cylinder coaxial with a thin cylindrical 
source of light, and an approximate calculation can be made by taking the 
effective emitting surface of the helical source of radiation as equal to half the 
total surface of the tungsten-wire wound into the spiral. 
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The calculation of / is made as follows 


b 



L “ height of the target and also of the tungsten-spiral D = distance 
between the target and the source, b — breadth of the target receiving light. 

The solid angle subtended at a point (lx in the filament by a surface- 
element h . dy of the target (fig. 7) is equal to 

b dy CO8 0 _ 5.D dy /1X 

(D 4 + y*) _ (D* + y a ) B ' 2 “ U> 


Let Q be the quantity of light emitted per second by unit length of the helical 
source of light. The amount received per second by the target of area b X L 
is therefore given by 



b D ( L dy 
4tt ' Jo <D*+ **)“* 

,Q L &JL 
4n ' D . (D*4 -L*) s/i 


( 2 > 


Now Q X L represents the total quantity of radiation emitted outwards by the 
source per second, and is equal to 


2nr 1 


X 47tE.. K„ 

= 47c 3 . r. I . E„. K w 


(3) 


where r and l are the radius and length of the tungsten-wire wound into the 
spiral and K, is the specific intensity of unpolariaed " black-body H radiation 
of frequency v. 

Thus the quantity of radiant energy falling per second on a square centimetre 
of the target is equal to 


7T r l . E„. K* - 
D .^+ L *)*" 7 


E,.K 


(*) 
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la the present experiments r — 0-000 cm , l = 8*5 on., D ■= 6*5 cm,, 
L « 2-0 cm. 

Therefore / = 3 02 X 10 -> . (5) 

8. R6le of Radiation in Thermionic and Photo-Electnc Phenomena 

As a preliminary to the following discussion, it is necessary to state briefly 
the recent developments in the ideas of radiation-structure, a comprehensive 
account of which has been given by E C Stoner (‘ Proc. Camb. Phil Soc 
vol. 22, part 4, p 577 (1920)). It is well known that the whole range of 
phenomena typified by the photo-electric action necessitates the adoption of 
some form of light-quantum hypothesis The question whether radiation 
spreads in waves with power to collapse at a point or travels linearly as discrete 
entities of energy is, perhaps, still an open one. 

But if energy and momentum are to be conserved m the individual processes 
of emission, absorption and scattering, there seems no escape from the conclusion 
that radiation is propagated in linearly directed quanta. The writer believes 
that the recent experiments on the “ Compton effect ” and on the associated 
idea of mono-electronic scattering in relation to f< fish tracks due to recoil 
electrons have sufficiently strengthened the position of the corpuscular theory 
of radiation to warrant a speculation on the "size” of a light-quant Such 
speculations have already enabled Ornate in and Burger (' Z. f. Physik/ vol. 20, 
pp. 345, 351, and vol 21, p. 358 (1924), and other papers) to give a coherent 
account of various physical facts hitherto unexplained on the quantum theory 
There is, however, some vagueness in the definition of the terms " cross- 
section ” and M volume " of a light-quant. As pointed out by Stoner, the same 
difficulty arises in defining exactly the size of an electron Several writers agree 
that a light-quant has its energy concentrated in a " sphere ” of volume ?X a , 
where X is the wave-length. The value of q crudely estimated by different 
wntersf does not agree, but is found to be of the order of a tenth. It is assumed 
in this paper that a light-quant is linearly directed and spatially localised, 
and that its Bphere of action has a radius equal to X 
In order to appreciate fully the distinction between the operation of radiation 

* C. T. R. Wilson,' Roy Soc. Proo.,’ A, vol. 104, p 1 (1923), SkoboUyn, ‘Z. f. Physik/ 
voL 23, p. 278 (1924); Compton, ' Phys Bov.,’ vol. 23, p. 439 (1924), W. Both* 1 Z. f. 
Physik,' vol. 16, p. 310 (1023); ibid., vol 26, p. 09 (1026). 

t Ornstdn and Burger (toe, ctt,) t “ volume " of a light-quant ™ -tj ,X\ Erich Man. 

(‘ T. ( Physik, 1 to! 27, p 248 (1924)), " crou-McHoo ’’ - i k>. 
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on a syitem in temperature-equilibrium end that of high-temperature radiation 
on a cold system, it is necessary to direct attention to the essentially different 
conditions under which the molecules or atoms execute their functions as 
converters of radiation. The conception of matter and radiation being at one 
and the same temperature means that, as a result of absorption or emission, a 
certain fixed and stationary distribution of energies is maintained amongst the 
various frequencies. If by any process a set of frequencies is removed, the 
system has to make good the loss by a corresponding reverse process For the 
maintenance of the stationary and isotropic character of the radiation, the 
molecules or atoms are, therefore, constrained to work in two reverse processes 
Id the action of high-temperature radiation on a cold system, the atoms or 
molecules accommodate and utilise radumt energy for any purpose by means of 
unidirectional processes, The absence of any constraint on their functioning 
as converters of radiation leaves them free to run the different unidirectional 
processes of conversion at rates compatible with their mechanical power under 
their working condition The intensity of radiation is highest just at the 
surface of incidence, and falls off rapidly with the depth of penetration, the 
energy being absorbed m the processes (i) of photo-electric ejection of electrons, 
(u) of excitation of atoms to states of higher energy, (ill) of thermal degradation, 
and also (iv) of scattering or dispersion 

Superficially it appears anomalous that the atomic converters should work 
faster under some constraint than when they are free A little consideration, 
however, shows that molecules or atoms in the first case cannot afford to be 
slower in one direction than in the other ; so that, when matter and radiation 
are at one and the same temperature, the rivaling process compels the atomic 
machines to display a high mechanical power of conversion of radiation But 
they can afford to be lacy when they have no rivalling process with which to 
compete. 

9. Radiation Theory of Thermionic Emission 
In a previous paper (loc. cU.) an attempt was made by the writer to explain 
thermionic omission of electrons from hot bodies on the basis of the radiation 
theory. Thu phenomenon is the simplest of a class of thermal reactions which 
go by the name “ evaporation.” Some points of interest in connection with 
the present discussion were not made clear in the former paper. In view of the 
fact that this phenomenon is fully illustrative of the principles involved in the 
study of the action of radiation on matter m temperature equilibrium, a fresh 
discussion on the subject is given below. 

Consider a piece of metal immersed iu a bath of “ black-body ” radiation 
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with which it 19 in equilibrium at a temperature T° A . If the absorption of a 
light-quant Av by the metal results in the evaporation of an electron with 
velocity «, it m believed that the condensation of a e-electron u invariably 
attended by the emission of a Ught-quant Av. The stationary state of the 
radiation in the ** Hah Ira urn ” is maintained by the working of the two reverse 
processes according to the unit mechanism 

Av ~Z + <f>, (1) 

where <fi represents the energy necessary to release an electron from its bondage 
and is equal to Avo 

The number of “ light-quants with frequencies between v and v dv 
passing through unit area in tune dt in a Cone of solid angle dTi m the direction 0 
u given by the expression* 

2 — * — cos 8. dfl dl t (2) 

Av 

where Kv is the specific intensity of radiation of frequency v Similarly, the 
stream of electrons moving with velocity v through unit area in time dt in a 
cone d £1 in direction 0 is given by the expression 

n t v . cos 0 . dfl dt, (3) 

where n v is the density of c-electrona in the Hahlraum 

Let there be N atomic centres of condensations or evaporation of electrons 
per unit area of the metal surface. The 11 cross-section ” of a light-quant 
for collision is irX a , but each quant-atom encounter is not inelastic. If 
C(v) be the chance that an atom-quant encounter results in the ejection of an 
electron, then we can take the " affective area ” for an inelastic quant-atom 
collision to be civ equal to nX s . C (v), Thus the numberf of condensations of 
light-quants per unit area of the metal surface in time dt is 

(4) 

sc, has the dimension of an area and may be defined as the atomic co-efficient 
of absorption of radiation. Also if p f be the “ effective area ” presented by an 
atom to the capture of a iwdecfcron, the number of condensations of such 
electrons per unit area in time dt is 

4n. p,. N. * 1 . v. <tf. (6) 

* The radiation is unpolarised ud isotropic. So the factor 2. 
f Those moving towards tbs aorihee at aay total* only count In the oolUsfons. 
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In the stationary state of temperature radiation the expressions (4) and (5) 
must be equal, Hence one obtains 


n t v 


a, K \d* 

P. h* ‘ 


«J) 


The corpuscular theory of radiation regards the events of emission and 
absorption by atoms as independent phenomena, all involving the same energy 
Av, bnt it has no measure of the frequency of occurrence of such events. The 
presence of thermo-dynamic equilibrium between matter and radiation in the 
present problem, however, enables one to correlate the probabilities of photo¬ 
electric ejection and the associated reverse process of photo-electnc capture of 
electrons by the method of calculation introduced by Einstein in his well-known 
deduction of Planck’s law of radiation, wherein he confines his attention only 
to the proccBBes of excitation of atoms to states of higher energy and of reversion 
of excited atoms to the normal state The relation* between a, and [3, obtained 
by the use of Einstein's line of reasoning is as follows ‘ 


p. 


2wie* 

oA*v® 


(Av — Av 0 ), 


(7) 


where a is a statistical weight factor determined by the relative a prion, 
probabilities of an atom in the normal and ionised states. 

The relation (7) embodies the nature of interdependence of the probabilities 
of the two competing processes On combining relations (7), (6) and (3), one 
obtains after integration the following expression for the rate of thermionic 
emission per second per unit area : 

Nu»_ = T* (8) 

Also from (7) it follows that 

C(v)=!.!" Pi . (v _ Vo ), 
tz<j A 


t.e. apart from the indirect dependence on v through the chance that a 
quant-atom encounter shall result in the ejection of a v-electron is proportional 
to (v— Vo). This conclusion will bo found of interest in connection with the 
study of the action of high-temperature radiation on a cold system. 


10. Photo-Electric Emission . 

The absorption of radiation can be brought about by various conceivable 
atomic processes. But attention will be confined here only to the process of 
photo-electric absorption. 

* 8. C. Bey, ‘Roy. Boo. Froc., 1 A, vol. 110, relation (12), p. 540 (1028), 

VOL. CX1I.—A. 2 T 
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In the present problem there is no rivalling process with which to relate the 
process of absorption The renditions of the problem are such os to demand a 
fuller knowledge of the mechanism of photo-electric absorption of radiation 
than one possesses at present All one knows is that the catastrophic event of 
the absorption of a light-quunt Av by the atomic machine results in the 
expulsion of ail electron with velocity v given by Einstein’s equation, 

Jwr 1 = Av — Av 0 . 

when v is greater than v How frequently the atoms allow such catastrophic 
events to take place one does not know. The problem, however, entails in it 
the idea of "continuity of happening M of quantum events in so far as such 
events are taking place smoothly in one direction, and one naturally enquires 
if one can call in the aid of the classical theory to formulate a scheme of the 
mechanical power with which the atomic systems work out such catastrophic 
events A way of possible approach to the missing statistics of quantum 
events of photo-electric absorption is indicated in the following pages The 
attempt, however, is only a tentative one, and the assumptions and arguments 
adopted are mainly of a provisional character 
It is supposed that a light-quant offers a target of area rcA a in its enoouuter 
with an atom, and that the time* for which the quant-atom encounter lasts is 
equal to 7/S, where T is the period of the radiation and is equal to ]/v 
The effective time r for an inelastic collision is, however, equal to only a 
fraction of the whole time of encounter A certain inference as to this 11 effective 
tune ” t h made from u, well-known reaultf of the classical electro-magnetic 
theory, namely, if an electron moving with a constant velocity p (i *. without 
radiation), at an instant t, has its velocity changed by Av in time A/, and then 
again moves With the constant velocity v + Au (i.e, without radiation), then 
if v be small compared to the velocity of light, 

(Energy radiated) a_ 1 ..v 

(Work done on the electron) — (Energy radiated) 2c t ’ 

* Id making this assumption the writer has kept in mind the following picture of a 
Light wave acting on an electron inside an atom. It is imagined that the atom often an 
opportunity to the period to elec trio force to break loose the electron only daring the interval 
m which the force is in the increasing phase. This interval comprises all values between 
cero and T/4. Hence m a large number of wave-atom encounters the average time of 
encounter is equal to T/8. 

| See Q W. Richardson’s 1 Electron Theory of Mutter/ p, Ml, equation (18), 1910 
edition. 
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where a is the radios of the electron and the reciprocal of the time t is equal 

v fat 

In analogy with thxa classical result, one infers that in the converse process of 
the photo-electric absorption of a Light-quant Av. the “ effective time " r is 
given by the relation 

_ Av (absorbed) __a l , ^ 

Av (absorbed) -- Av 0 (work done by the electron) 2c r' 



Thus the chance that a quant-atom encounter shall be inelastic is given by 

C(v) = Jl = 8v .T = — (v — V 0 ), 
la c 

and so the " effective area ‘ T for an inelastic quant-atom collision is, 
a, = C (v) X TtX* 

_ 8tt e 1 m — v,) 

3 me v® 


(3) 

(4) 

(5) 


where the electronic radius is taken equal to | 


me® 


The relation (5) is in accord with the various outstanding facts pertaining to the 
operation of monochromatic radiation on metals discussed in the introductory 
chapter 

Consider first the photo-electric absorption oE isotropic radiation in a thin 
metal slab of thickness dx and of area l sq cm. If K, be the intensity of radia¬ 
tion at the surface of incidence, the amount of energy absorbed by dx per 
sec- is given by, 

— dK, = Av X total number of inelastic atom-quant collisions per sec. 
in da, 

^ Av y “ effective collision-area ” X stream of light-quants X number of 
atoms in the slab dx, 

— Av x »X a C (v) x X 5 . dn t ( 6 ) 

Av M 


where D is the density of the metal and M is the atomic mass of the element. 
The relation (6) can be re-written m the form 

£s = -i«X».C(v)g.J* (7) 

io that, 


[K,], = [K.]o , c--v, 


2 t 2 


(8) 
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where fi, is the exponential co-efficient* of photo-electric absorption of radiation 
of frequency v and is given by 


Putting 


For silver 


and 


87; e 2 v — \ 


^ = T 


D 

M' 


c = 4-774 X 10“ 10 ESU 
m — 8-496 x 10“^ grams. j* 
c = 3 X 10 10 ems /sec 


1 


/ 


7 08 X 10 2 ^—^2 5 cm -1 

v J M 


^ = 6 87 X 10“ 

M 


[(iJi, = 4-16 x 10 -* —— 

V 


0) 


( 10 ) 


(H) 


The exponential co-efficient of extinction of light in silver has been determined 
very carefully by Hagen and Rubens ami also by Minor over a considerable 
range of frequencies in the ultra-violet. The extinction of light is brought about 
by various atomic processes. The photo-electric absorption, however, sets jn 
only when the frequency exceeds the threshold value. The co-efficient of photo¬ 
electric absorption starts by being zero at and increases rapidly to higher 
values according to the relation (11) If, therefore, one plots against \ 
one would expect to find a break in the curve at a particular wave-length 
shorter than X©, when the photo-electric absorption becomes a predominating 
process. How far this expectation is fulfilled will be evident from the graph 
(fig. 8) obtained by plotting the experimental data of Minor, and Hagen and 
Rubens. 


* Elements with n electrons in the optical level may be expected to have a 00 -efficient 
a tunes this. But the absorption-data available at present do not enable a decision 
to be obtained on this point. 

f The summation sign signifies that the processes of absorption are mote than one. 
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The theoretical cutve, according to expression (11), is also given side by aide 
with the experimental one The expression (11) agrees quantitatively as well 
as qualitatively with experiment as far as observations go Theory predicts a 
maximum co-efficient of photo-elactnc absorption at a wave-length X«/2. How 
far this is truo must be left for future experiments to decide. 

The long wave-length limit Xo for silver obtained from the X—Ep x curve is 
590 [ip. This is in good agreement with the value 339 pp directly determined 
by Richard Hamer, and also with the value 321*3 pp given by the present 
experiment on total photo-electmS emission from silver. This method* should 
form a very satisfactory way of computing short wave-length limits. Unfor¬ 
tunately, the experimental data on other metals available at present are not 

* J. J, Wtflgfe (‘ Phyv Rev / vol. 25, p. 893 (1935)) and Richard Hamer p, 894) 
have independently pointed out this possibility. It should, however, be, noted that the 
break does not occur et the wave-length X, but at a slightly shorter wavelength. 




Table XII. Silver. 


Minor 

Hagtn and Rnbnu. 


10 _ ‘ x 3ma lid - 1 * 


10“ • x Xjiuon "" 

2fi0 

6 637 

I 251 

5-007 

267 3 

6 306 

! 288 

4 408 

274 D 

5'HAS 

j 303 

3-250 

203 

4 161 

310 

2-514 

208 1 

3-S37 

1 316 

1 78® 

303 

3100 

321 

1 644 

300 

2 876 

326 

1 736 

300 

2 441 

332 

2-083 

311 

2 101 

938 

9 107 

314 

1 762 

367 

4 600 

310 

1 711 

366 

5-811 

320 

1 660 

420 

0 013 

324 

1 020 

— 

— 

as 

1 724 

— 


329 

2 m 

— 

— 

332 

2 461 


— 

386 

3 068 

_ 

— 

346 

3 006 

— 

— 

3*1 1 

5-048 

-- 


305 

6 0771 

—- 



* Taken from L*ndcilt and Bflnutein'a Tablet of L in the equation 


jj-=. *T \ .olhat^MA -in¬ 
sufficiently close near the break to ascertain with any degree of precision the 
values of 7^ but the experimental measures of the optical absorption on the 
short wave side of the threshold are m good agreement with the theoretical 
formula for all metals for which I have been able to had optical data. 

Calculation of the photo-electric yield of electrons involves in it not only the 
problem of absorption of radiation, but also that of absorption of electrons by 
metals. In the absence of any knowledge of the law of absorption of electrons 
it is not possible to estimate what fraction of the electrons liberated inside a 
metal is able to escape out of its surface. In making some measurements on the 
photo-electric absorption of ultra-violet light by a thin film of gold, Rubens 
and Ladenburg (‘ Verb. der. Deutsch. PhyB. Ges. J&hrg.,’ vol. 9, p. 749 (1907)) 
observed that while the intensity of radiation on the incident side was about 
1,000 times that on the emergent side, the emission of electrons on the front side 
was abopt 100 times greater than on the back side. From these data Partuch 
and HaUwachs (' Ann, der. Physik,’ vol. 41, p, 269 (1913)) have calculated 
the exponential co-efficients of absorption of radiation and electrons. The 
values are Iji, = 1 03 X 10* cmr 1 and 5 06 x 10^ cm.* 1 , where 
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refers to the averago value of the electron absorption co-efficient. It is 
known that £[i, is a function of frequency, and presumably Et], also vanes 
with the velocity of electrons, anti hence is indirectly a function of frequency, 
Assuming exponential laws of absorptions, one obtains the following expression 
for the photo-electric yield of electrons promoted by the action of unit quantity 
of radiation falling per second per unit area of a inctaJ. 

F„ = N.— V -Z 1° [i + r ( *' +i ’' ,d +e-^ +I '' )d + 1 
3mc v a Av 


3mcA v a 


[I _ e - (V.+ Sn^] 


( 12 ) 


where N — number of atoms per unit area 

and d -= distance between successive atomic layers. 

The experimental data on various metals for Ep„—given by Minor, Drude, 
Hagen and Rubens, and others—show that its value is greater than 10 s cm.“ J 
for all frequencies The maximum amount of photo-clectnc emission of 
electrons results from the action of radiation of frequencies near about Jv 0 
For frequencies in this range, the theoretical expression (11) gives for Ep, a 
value about 10® cm. -1 for different metals in agreement with Partssch and 
Hallwoch’s computed value for gold. A rigid evaluation of the factor 


[1 — (-fVp+HJrfj-i 


in expression (12) is impossible without a knowledge of the functional relation 
between Etj p and frequency. One can, however, see the order of magnitude 
of this factor by taking (Ep„ + E^), equal to 1-0 X 10® cm. -1 , and d = 4 X 
10“ 8 cm. os an illustration. To a first approximation, the factor u equal to 


1 

(E|i + £*j)d 


15 6 


(13) 


Multiplying (12) by the electronic charge and using the values of the constants, 


F„ — 7 19 X 10 13 . N , -—j-^coulombs/calorie per sec. per sq. cm. (14) 


except for a factor of the order 15, which probably varieB with frequency. It 
u not known whether £/]„ increases or decreases with frequency. To simplify 
the complexity of the problem, let us suppose that Etj, increases with frequency 
in such a manner os to keep (Ep„ 4- E>|„) practically a constant. If this be so, 
then from (12), 
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For F, to be maximum, one obtains the condition 

^ = 3*0 ( 16 ) 

Experiments on photo-electric emission from several metals have confirmed 
this relation of 0, \Y Richardson It would be an additional support to the 
theory if extinction co-eftiucnts show a maximum at a frequency equal to 2v 0 
It ought to lx; possible to verify this point by measurements on metals whose 
long wave-length limits lie in the visible spectrum 

One important conclusion emerging nut of the discussion given in the foregoing 
pages is that the density of the incident stream of light-quants decreases very 
rapidly with the depth of penetration As regards order of magnitude, it is 
sufficient, therefore, to estimate the number of electrons emitted from the first 
Inyer of atoms, for the bulk of the emitted electrons originates certainly from 
quant-atom collisions in the first feu layers Hence the order of magnitude 
of the total photo-electric emission per second per unit area is given by 

N P ^= N C'(v), (17) 

.i.i Av 

where 


E„ is a function of the frequency, but J£ O Halbert's (‘ Astrophy Journ 
vol 45, p. 149 (1917)) experiments show that its variation with frequency 
towards the ultra-violet is limited to a very small range The order of photo¬ 
electric emission of electrons cannot, therefore, be appreciably affected by its 
variation To all intents and purposes one can take E». as constant In the 
present calculation. Thus, substituting for C (v) and K, in (12), and performing 
the integration, one obtains 


'■ E - N -S• T ■ 


For a perfect 1 black-body ' radiator E — 1 


11 . Comparison of Thermionic and Total Photo-Electnc Currents, 


The thermionic current from a square centimetre of a hot body at T° A ib 


given by 


(1) 

where 

. 27W|^ i 

(2) 


A*'"” * ’ 
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The total photo-electric current from unit area excited b y radiation from a 
flource at T° A is giveu as regards order of magnitude, by 


where 


IphoL “ ^phot 

A 


T® 


-fti-Phot t*T 


v phol 


fVK 

/E N ' «■ 


(3) 

(4) 


Taking m =■ 8 995 x 10"** grams, r 4-774 X HT 18 ESU, L - 1 37 
X l0“ lfl eTga/deg , h = 6-55 X 10^" 7 ergs sec , c — 5 X 10 -10 cm/sec , 
o — 1, ft — 0 5 (for tungsten), 

A^wm, =- 1 81 X 10 11 E.S.U./cm "deg. 2 60 2 amp /cm 2 deg 2 (5) 

A rhot = 8-22 X l<r 12 IN. E 8 U /cm.Meg. 2 

— 2 74 X 10 aI /.N amp./cm ^deg. 2 (tf) 

The above calculation of A pll0l takes no account of the electrons emitted from 
the inside atomic layers The nrtual theoretical value of A pbot is therefore 
greater than (6) by u factor of the order 10 as Been from the considerations given 
in the previous chapter Blit until one knows more about electron absorption 
in metals, one has to remain satisfied only with the calculation n( the order of 
magnitude of the total photo-electnc emission 
Putting 

N = 1 Id 2 ) 

nnd f 

f = 3 02 X 10 3 i 

Apbot — 8*32 x 10-“ l/d 1 amp /cm Meg. 4 , (7) 

where d is the lattice-constant of the metal 


The following table gives a comparison hetwocn the calculated and the 
experimental values of A phot . 

Table XIII 


K lemon ta 

1U 10 X A phot 
(obwrveid) 

it) 1 <rf era 

10" ^ Aphot 
(calculated) 

Aphot (calculated) 
Aphot (ftbaorved) 

A1 

U 82 

4 049* 

30 3 

61'9 

Zn 

i :m 

~ 

— 

— 

Fe 

2 92 

2 M0* 

104 2 

412 

Ni 

9 24 

3 499* 

09 a 

13 t 

Ajj 

1 U 

4 079* 

51 1 

26-3 

Au 

19 9 

4 063* 

31 3 

2 6 

Ta 

1-99 

— 

— 

— 

Pt 

ia a 

3 012- 

99 8 

4 4 

Mo 

2-49 

3 142* 

M 7 

35 0 

W 

8-99 

3 159* 

83 2 

9-0 

0 

17-a 

1 




* \V. P. Davey, ‘ Phya Rar / ro I. 29. pp 76MI (1929) 



The order of the numbers in the last column u generally that of the voltaic series. and the reduction of the observed values 
if A j,t from the theoretical is of the character to be expected if surface films are present 
Also according to theory, 
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* 



The data in the following taUe suggests that this is true 
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10. Summary. 

(1) This paper contains an account of the measurements uf total photo¬ 
electric currents from eleven metals excited by complete radiation from a 
tungsten source at temperatures between 1900-2700° abs. These currents are 
found to vary with the temperature of the radiating hourte according to 
Richardson’s law of thermionic emission 

(2) Considerations are brought forward to show that the interaction between 
matter and radiation in the state of thermal equilibrium can proceed much faster 
than the action of high-temperature radiation on a cold system, and a tentative 
attempt is made to work out this idea in a quantitative form 

(3) An expression ib given for the exponential co-cfticicnt of photo-electric 
absorption in the form 

8n v — v n D 

3 mc” a v* M 

(where D and M are the density and atomic niasB of an clement), which is in 
quantitative as well as in qualitative agreement with Minor, Hagen aDd 
Rubens, and other observers’ optical absorption data on the short-wave side of 
the threshold. 

(4) The photo-electric yield of electrons promoted by the action of unit 
quantity of radiation of frequency v falling per second per unit area of a metal is 
shown to be given by 

F„ = N .^V-° -[1 - 

3 men v a 

where Lp, and Et] v are respectively the co-efiioents of absorption of radiation 
and electrons, d is the distance between successive atomic layers, and N is the 
number of atoms per unit area. 

(5) An approximate calculation of the total photo-electnc current leads to 
the expression, 

W-/ ■ 

Which is in fair agreement with observed values, / being a constant of 
the apparatus equal to 3 07 X 10" 5 and E being the average emissivity of 
tungsten. 
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The Crystal Structure of Meteoric Iron as determined by X-R<iy 

Analysts. 

By J Young, B.Sc , FRAS, Lecturer in Physics, University of Birmingham 

(Communicated by Prof S W. J Smith, F R S —Received July 23, 1030.) 
[Plate 20 ] 

1. Introduction 

The well-known 11 Widmanstatten ” figures, obtained by etching the polished 
surface of meteoric iron, suggest the occurrence of two types of crystal structure 
in alloys of the nickel-iron series 

Those figures, easily obtained when the meteorite contains more than 7 per 
oent. and less than about 14 per cent, of nickel, owe their existence to the 
presence of two constituents One of these, “ taemte," contains a higher 
percentage of nickel than the other, “ kamacite,” and is much less eaady 
attacked by etching reagents. 

In typical cases the taenite occurs in thin lameilm, separating much thicker 
lamellc of kamacite, arranged octahedrally with respect to one another. 

It was suggested to me by Prof. S. W. J. Smith, who placed suitable 
meteorites at my disposal, that it would be of interest to examine the structure 
of kamacite and taemte by X-ray methods. 

In the materials supplied, the crystal grains were large enough to permit 
good X-ray reflexions to be obtained from prepared surfaces of single crystals, 
and it was found to be possible to examine not only the space lattice* dt 
kamacite and taenite but also the way in which the two kinds of lattice ate 
orientated with respect to one another at their common boundary. 
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It ia now known that segregation of the type to which the Widmanst&tten 
structure is due is not confined to meteorites, but occurs frequently in artificial 
alloys of various kinds. Consequently the results of a study of the kind here 
proposed are of general interest and are the more important in that the structure 
of artificial alloys is usually bo fine grained that it would be difficult, if not 
impossible, to apply to them the X-ray methods which the large-scale structure 
of meteoric iron permits 

The crystal structure of artificial mckel-irou alloys has been studied by 
McKeehan,* who has found that in general the crystals are of two types, whose 
occurrence depends upon the composition of the alloy. When less than 25 per 
cent, of nickel is present, the structure is body-centred cubic with a parameter 
which increases from 2*87 A U for pure iron to about 2-89 A U in the alloy 
richest in nickel, when more than 25 per cent, of nickel is present, the struoture 
in face-centred cubic with a parameter which diminishes from about 3 60 A U 
in the alloy richest in iron to 3-51 A U. in pure nickel. 

McKeehan found that when the percentage of nickel lies between 25 and 30, 
either or both of these structures can occur in the same alloy. Although hia 
observations seem to show that the body-centred cubic lattice is unobservable 
in alloys containing more than 30 per cent, of nickel, they are insufficient to 
fix the percentage of nickel at which, in its turn, the face-centred lattice 
disappears It can, however, be inferred from the measurements described in 
the present paper that in meteoric nickel-iron, at any rate, the faoe-centred 
lattice persists until the percentage of nickel falls below 7. 

2. The X-Ray Reflexion* from the Octahedral Planes of Meteoric Iron 

The first experiments were made to find out the particular crystal planes 
which the kamacite and taemte present to one another along their common 
plane surface boundary The Carlton meteorite was selected for this investi¬ 
gation on account of the very regular development of the Wirtmanst&tten 
structure m it and the consequent ease with which a small area of taemte 
may be expowd by grinding parallel to an octahedral plane of the structure. 
As the taemte plates are only about 10 p thick, it was found a somewhat difficult 
matter to obtain an area Large enough to give a strong X-ray reflexion, but after 
a number of trials an irregular area of about 5 sq. mm. was exposed, embedded 
In and surrounded by the kamacite to which it was expected it would be related 
crystallographically. This face was polished and then lightly etched in dilute 
nitric acid Plate 20 (a) is a low-power photograph of the face. Taemte appears 
* 1 Phy#. Rev.,' vol. 21, p 402 (1OT3). 
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&■ jet Mack areai and kamacite ia shown in kali tone. The X-ray reflexions 
from the surface were examined photographically, using a Shearer tube with 
interchangeable anticathodes aa a source of X-rays, and a Muller X-ray 
spectrograph made by Hilger. The preliminary experiments were carried out 
with molybdenum as antioath ode, but more accurate result# were obtained 
with a copper anticathode, when it became apparent that the first-order 
reflexion angles would not be too great with this element. In computing the 
result b the following wave-lengths were adopted — 


Copper 


1 537 ^ 10" 8 em. 



1 543 x JO -8 cm. 


K. 

1-389 x 10 -s cm. 

Molybdenum 


0-708 X 10 -8 cm. 


K.. 

0-712 X 10 _8 om. 


The reflecting angles found for this prepared face of the meteorite are given 
in Table 1, together with the nature of the radiation, the spacing of the crystal 
planes, the probable source of the reflexions, and the probable parameters of 
the lattices Results from the same plate are bracketed together. During 
the exposures the crystal was slightly rocked about an axis parallel to the 
spectrometer slit. 

Table I. 



Radiation 

Reflraion 

Angle 

Spacing 

Crystal 

Plane 

Parameter 

Suurtie. 

l.J 

K„ Mo 

10 4 5 

AD 

2-022 

110 

Vu 

2 MM 

Kam&ciLe 

2 1 

k K.j Mo 

0 54 

2 oeo 

111 

A 070 

Taemto 

3 I 

[ K*, Mo 

10 3 3 

2-039 

110 

2-070 

Kamadto 

4 J 

Kb, HO 

10 7 5 

2 027 

no 

2 007 

Kamacite 

a.l 

„K Bi Mo I 

0 57 

2 05 

Ml 

3 55 

Tamila 

6 J 

Kd, Cu 

21 43 

2 075 

111 

3 505 

Taanlbe 

7.1 

IK., Cu 

22 15 

2 030 

110 

2 073 

Kaoudta 

0 J 

rK^Ou 

22 10 

2-022 

no 

3-065 

Kamaoite 

e i 

lkT,cu 

21 51 

2-oeo 

in 

a 5*79 

Taenite 

ia 

X*| Cu 

21 54 

2 008 

in 

3-573 

Taenlta 


An examination of the above table shows that there are two different spacings 
parallel to an octahedral plane of the me Monte. These spacings are very 
nearly equal, and uj the photographs give rise to doublets, the components 
of which are of approximately equal intensity, but are found at different levels 
on plate. These levels were found to correspond to the different levels of 






Cr0&8faM0um ttfMeteorio /mi 009. 

the kiimacitio and tsemitto regions of the specimen, and a careful comparison 
indicated that in kslhacite the spacing la •bout 2 027 A.U., while in taanita 
it ib about 2-063 A.U. In order to confirm this result the kamacitio region of 
the specimen was covered with a sheet of lead foil in which a email aperture 
had been cut. The position of the sheet w&i adjusted until only taemte could 
be Been on looking through the aperture, end an X*ny photograph was then 
taken This photograph (result 10), indicated a strong reflexion at 21° 54', 
and except for some faint tines due to the lead, which were easily identified, 
there was no other line on the plate. It was therefore clear that the 2-063 A.U. 
spacing belonged to taenite. 

There can hardly be any dcmbt that kamacite, hke iron, is a body-centred 
cubic crystal. The lattice-constant, calculated on this assumption, agrees with 
that of iron, while photographs of kamadte taken for other purposes have 
yielded reflexions from the (211), (100) and (111) planes of such a lattice The 
face-centred nature of taemte waa shown by taking * powder photograph of 
a part of the specimen relatively rich.in taemte. This showed strong (1M), 
(100)* (110) and (311) hues from a face-centred lattioe. The kamacitio lines 
were weak and could only just be identified.. 

It is therefore dear that, as implied ip Table I, the kamaoite and taenite grow 
with respect to one another in such a W*y that a (110) plane of the kamadte 
is pareUd to a (Ml) plane of the teeuite' The next matter suggesting itself 
for instigation was to find whether the same relation existed between the 
small crystals of kamaoite and taeiutS present in the relatively fine-grained 
regions known at ** ptasatte,” which are frequent in the Carlton meteorite 
An octahedral area of pLesaUe was therefore X-rayed in the manner described 
above.- The results of the two photographs are given in Table II, an examination 
of which reveals the Same land of relation in the pleasita. A comparison photo¬ 
graph in which the kamacitic-taenitio specimen was mounted cm the crystal 
holder below the pkssitic specimen established the complete identity of the 
lines from the plessite with thorn from kamaoite and taenite separately The 
plssrftfo lines, however, were more diffuse than those obtained bom kamaoite 
and taenite Separately, and on this account the E. doublet was not resolved 
in the photographs giving Table II. 


von* exu,—a* 


2 € 
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Table II 


Radiation 

Kettic ting 
Angle 

Spacing 

(Witul 
Plane 

Parameter 

Source 


1 ' ' 

A V 


A U 


f K a Mo 

10 2 

2 0J3 

110 

2 874 

Kamacite 

\K, Mo 

9 62 

2 009 

111 

3 580 

Taenlte 

f K a Cu 

21 4H 

2 07 J 

111 

3 000 

Toe into 

J K a Cu 

22 U 6 

2 033 

no 

2 872 

Kailnuitr 

1 K p Cu 

l\) w a 

2 Oflfi 

ill 

J 000 

Taenitc 

l^Kp Cu 

20 4 3 

2 024 

110 

2 882 

Kamacite 


3. The Determination of the Orientation of the Kamacite Crystal with resjiect to 
the WufmanstdUen Structure 

The Widmanstatten structure of the meteorite is determined by the plate- 
like crystals of k am ante, of which there are four families, corresponding to the 
planes of a regular octahedron, As shown in § 2, the crystals of kamacite 
grow with a rhombic dodecahedral plane parallel to the plane of the plate, 
that is, to a Widmanstatten plane , but as this does not wholly determine the 
orientation of the kuinaute crystal, it is both interesting and important to 
examine whether this orientation can be fixed more precisely. 

As the thickness of (he kainaritic plates in the Carlton meteorite (containing 
about 13 per cent of nickel) is small, necessitating long exposures when sections 
are examined, another meteorite, the Caflon Diablo (containing about 7 per 
cent of nickel) was selected for this test on account of the relatively large 
crystals of kamaute which it contains The Widmanstatten planes are not 
so well defined by individual crystals in this meteorite, but by considering 
the setting of numerous crystals, a fairly good estimate of the position of these 
planes can he made X-ray examination of these planes showed that in this 
meteorite also the Widmanstatten plane is a rhombic dodecahedral plane of 
the kamacite 

The specimen was then cut perpendicularly to a Widmanst&tten plane in 
such a way that the section exposed was parallel to one of the sides of the 
equilateral triangles formed by the intersections of the remaining Widman¬ 
statten planes with the above-mentioned Widmanstatten plane. 

For convenience, such a plane of section will be referred to as a " prismatic 
plane ’’ and the sections of the kamacitio plates which it exposes will be 
described as prismatic areas. The importance of a prismatic plane lies in the 
fact that although it is not necessarily a rational plane of the kamacite, yet it 
belongs to a zone which contains Beveral rational planes of both kamacite 
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and taemte The determination of the angles which the kamautic planes 
(100), (110) and (211) of this zone make with the associated prismatic plane 
would servo to hx the position of the kamacite crystal with respect to the 
Widmanstatten structure 

When the meteorite was cut tn the way just described, the section exhibited, 
after etching, the structure shown in Plate 20 (6) The prismatic areas A, B, C, 
and D of this section belong to a set of parallel kamacitic plates and show 
the true thicknesses of these plates These areas were examined separately 
h Y X-rays from a molybdenum target, the specimen being mounted on the 
crystal tabic so that the planes of the kamacite plates were horizontal By 
using cams varying from 4° to U 5 ", the setting of the plane of section at which 
reflexion occurred in each case could be fixed within a degree 

The results are given in Table III, which shows the crystal setting (i e , angle 
between X-ray beam and plane of section), the reflicting angle (i e , the angle 
between the diffracted beam and the diffracting planes), the plane causing 
reflexion, and the angle which the reflecting plane makes with the plane of 
section 

Table III, 


Area 

Crystal 

Setting 

Reflecting 

Angle 

Reflecting 

Plane 

(Crystal Setting) 
- (Reflecting 
Anglo) 

A 

O 

14-fi 

17 40 

(112) 

0 / 

-3 10 

B 

1G G 

10 <1 

(110) 

+ 0 20 

C 

14 

17 40 

(112) 

- 3 40 

D 

14 

17 40 

(112) 

- 3 40 


The inclination of each reflecting plane to the plane of section is indicated 
by an arrow m Plate 20 ( b ) 

The actual plane of section was found by measurement to be about 1-5° 
from parallelism with a truly prismatic plane as defined above, and, in conse¬ 
quence, the angles in the last column of Table III require correction, by the 
addition of this amount, to give the inclination of the reflecting planes to a 
truly prismatic plane of section. 

The results suggest two possible arrangements of the kamacite crystal in the 
meteorite. These are shown diagrammatically in fig. 1, in winch the traces 
of prismatic planes on a Widmanstatten plane are shown as the equilateral 
triangles, abo and a'b'c, and the traces of the (211) and (110) planes of 
the kamacite belonging to the same zone are shown as broken lines. The 

2 u 2 
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angles which these lat ter planes maJce with the former planes are also indicated 
in the figure 

An X-ray examination of each of the four crystals on another prismatic 
plane confirmed the existence of the above types of growth in the meteorite, 
the crystals A and D belonging to type (a) and B and C to type (6) (see fig 1), 



4. Discussion of Results, 

Adopting the values 2 870 A U. and 3-690 A.U. for the respective para¬ 
meters of the lattices of kamacitc and taemte, it is easy to calculate the number 
of atoms per square A U on the most, important planes of the lattices These 
are given in Table IV, 

Table IV. 


Atoma/lO -1 " cm 1 


Plane. 


(Kam&dtc ) 


(Taenite ) 


100 

0 1214 

0 1W52 

no 

0 1718 

0 1007 

211 

o om 


in 

0 0702 

0 17 BO 

310 

0 0768 


an 


0 0930 

312 

0 0680 
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It will be acen that the two connected planes, (110) uf kamaute and (111) of 
taemte, contain very nearly the same number of atoms per unit area, the 
ntimber being greater in taemte by about 4 per cent 

Even without knowing the crystallographic nature of the solid solution from 
which the kamacite and taemte crystallise out (though this is almost certain 
to be, like “y ” irtm - fate-centred cubic), it may be anticipated that these 
crystals will orient themselves to that solution in such a way as to make the 
rearrangement of the atoms a minimum, and, therefore, that the spacings 
of the atoms in the kamacite and taemte in any particular direction will be 
those which most resemble each other, When it is remembered that the 
spacings of the connected planes of kamacite and taemte only differ by 2 per 
cent, and the concentrations in these planes by 4 per cent , it is immediately 
obvious that the above condition has been partly satisfied 

Fig. 2 shows the atoniH on a (111) plane of taemte, together with Lhowe on 
a (110) plane of kamacite on the same scale 



Iu 2a the lattices have been superposed so that the traces uf the (211) planes 
of kamacite which are perpendicular to the plane of the diagram make Angles 
of 2° and 8 5°, respectively, with two of the Bides of the equilateral triangles 
formed by joining the taemte atoms , in 26 thp superposition is such that 
the corresponding angles are 2° and 12 5° These arc the orientations of the 
kamacite crystal which were actually found to exist in the Cafion Diablo 
meteorite (see fig 1) 

Consider now the arrangement of atoms m fig, 2, In taemte the atoms 
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are at the apices of equilateral triangles of side 2*54 A U ; in kamacite the 
atoms are at the apices of isosceles triangles of base 2 87 A,U. and side 2*485 A.U. 
The approximate equality of the equal Bides of the isosceles triangles with 
those of the equilateral triangles in very striking, and no doubt the approximate 
coincidence oE A 0 D with A' O' D' is partly due to this equality. Two other 
considerations should also be noted, viz .— 

(1) In fig 2«, the trace A E of a (110) plane of taenite, at right angles to 
the plane of the figure, is inclined at only 3-25^ to the trace A' E' of a (100) 
plane of kamacite , in fig 2f>, the trace A C of a (110) plane of toomte at right 
angles to the plane of the figure is inclined at 7 25 n to the trace A" C' of a (100) 
plane of kamacite As the spacings of these planes differ by about 11 per 
cent and their atomic concentrations by about 10 per cent, some physical 
connection between these planes Beeins not unlikely 

(2) In both diagrams of fig 2, the trace F B of a (110) plane of taenite at 
right angles to the plane of thB figure is inclined at only 2 degrees to the 
trace B' N' of a (111) plane of kamacite, and the atomic concentrations and 
spacings of the (110) planes of taenite are approximately one and a half times 
those for (Ill) planes of kamacite 

Here also there seems to be some evidence for physical connection between 
planes which are very nearly parallel in the two types of lattice 

5 The Origin of the Widmanstatten Structure. 

It is of interest, in conclusion, to attempt to find reasons why the relationship 
between the kamacite and taenite lattices should be that which the experiments 
have disclosed 

For this purpose it is necessary to adopt some view as to the sequence of 
the transformations from which the Widmanstatten structure results 

This sequence has been the .subject of many investigations,* which it is 
outside the purpose of the present communication to discuss According to 
a view commonly held, the structure 10 a consequence of recrystalliaatioD, 
beginning much below the solidification temperature of the meteorite, of which 
the first stage is the formation of kamacite and the second that of taenite. 
Prior to this recrystallisation, the material is a homogeneous alloy of iron and 
nickel with a face-centred lattice of which the parameter is about 3*60 A U ,t 
and thus not very different from that of taenite 

To a first approximation, therefore, we may take the taenite lattice of 

• C/.. t r g, S. W J. Smith, ‘Phil. Trans./ A, vol 208, p. 21 (1000) 
t c f‘> t y - Westgren, ' Joum. Iron and Steel Init/ (1021, 1022, and 1024). 
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fig 3 as representing that of the "solid solution ’from which the kamaeite 
segregates. 

In an attempt to fonn a body-cent red lattice, the altiniH G and L, fig 26, 
of the solid solution in octahedral planes respectively above and below the 
plane of the figure may be imagined to move in their own planes parallel to 
A C ho as to occupy positions respectively above and below* the middle point 
of O B This cannot take place without an outward movement of B, because 
G and L would then be at distances from 0 and B less than the minimum 
distance permitted in the body-centred lattice But Buch an outward displace¬ 
ment is resisted by the surrounding atoms, with the result that the displace¬ 
ment of B takes the form of a slip B B', the atoms G and L reaching O' and 1/ 
In a similar way, C slips to C', E to K', F to V'. etc 

It is then possible to picture how. by shearing in rows approximately parallel 
to A D, the atoms in an octahedral plane of the solid solution can arrange 
themselves in positions uniforming with the lattice of kamsiUc 

It is interesting to note, in this connection, that rows of atoms such as A' 0 D' 
are parallel to a (211) plane of the kamaeite, which we have found to be a cleavage 
plane of this type of crystal. This was proved by X-raying a cleavage plane 
of the Coahuila meteorite, of which the main constituent is kamaeite 

With respect to the movement of the atoms in the planes adjacent to those 
Of fig 2. it ib to be noted that those of atoms N, K. L, H, etc , of fig 2a are 
all very nearly in (100) planes of the kamaeite, To a slightly Jess extent, 
the same is true of the corresponding atoms of fig. 26 

Cleavage along a (J00) piano is well known to occur in "a iron,” of which 
the space lattice is practically the flame as that of kamaeite. 

Since a cleavage plane is probably one of considerable stability, the formation 
of a (100) plane from a plane of the solid solution, having approximately the 
required number of atoms per unit area, by rearrangement of atoms already 
in this plane, would not be surprising 

Careful examination of the Widmanstatten structure has led others* to 
suppose that it begins with the formation, along the octahedral planes of the 
original solution, of very thin lnmellee of kamaeite which, as the structure 
develops, increase in thickness by parallel growths outwards from the initial 
surfaces 

It seems now to be possible to suggest more explicitly why growth should 
occur in this manner 


• Cf„ t.g . S. W. J. Smith, toe . at t p. 102. 
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On account of the marked resemblance of the (111) plane of the solid 
solution and the (110) plane of kamacite, it is possible to form from the solid 
solution, by simply shearing rows of atoms and rearranging the atoms in 
adjacent planes, as already described, a crystal of kamacite 'which is only a 
few planes in thickness but of considerable area This crystal can spread 
indefinitely in its own plane without causing very much disturbance of the 
atoms, but is prevented from glowing rapidly at right angles to the plane 
because the atomic movements required are much greater and do not take 
place in the same direction 

Thus, while shearing of rows of atoms in an octahedral plane of the solid 
solution is relatively easy, the atomic movements involved in forming a (100) 
plane of kaiuante from a (110) plane of the solid solution are more complicated 
Briefly, there is a ** ready-made " plane of kamacite in the sobd solution, and 
for this reason growth is rapid parallel to this plane but slow aL right angles 
to it The parallel growth of the kaniante in Widmanstatten planes is 
probably emphaBiaeil still further by the fat fc that these planes are not. only 
the planes of kamacite and of the solid solution in which the atomic densities 
are most nearly equal, but are also the planes of niAximum atomic density 

If, as is commonly assumed, the temperature at which kamacite begins to 
separate from the solid solution depends upon the percentage of nickel which 
the latter contains, decreasing as that percentage increases, it can lie inferred 
that the composition of the kamacite must differ from that of the solution 
from which it separates The mckel content of the kamacite must, in fact, 
be less than that of the solid solution with which, at a given temperature, 
it is in equilibrium Unfortunately, it does not seem very likely at present 
that this inference can be tested satisfactorily by X-ray methods , but it has 
two important consequences. The first is that the composition of the kainacitic 
layers must change continuously as they increase in width The second is 
that, during the growth towards one another, as the temperature falls, of two 
adjacent kamacite plates, the nickel content of the narrowing layer of solid 
solution, which lies between them, must steadily increase, It is probably not 
yet possible to decide whether the final composition and structure of this 
latter tarnitic layer is always the same Attempts to settle this question by 
other methods are in progress in this laboratory Meanwhile, by the kindness 
of my colleague, Mr A A Dee, who has made a detailed photo-micrographir 
investigation of the Carlton meteorite, I have been ablp to examine photographs, 
at high magnifications, of transverse sections of taenite similar to that upon 
which my X-ray measurements were made. From these it is obvious that the 
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taemtir bands are not homogeneous, although their surface layers are relatively 
uniform and are probably those to which my measurements refer 

Prof Smith has suggested to me that, if the duplex structure of the taemte 
band is due to the fact that it contains a eutectoid of kamacite and a mckel-nch 
alloy, it is possible that when the eutectoid strength of the solid solution is 
reached, at the surface of a growing kamacite crystal, the eutectoid kamacite 
which segregate from the surfate layer of this solution may attach itself to 
the already existing kamacite band, leaving behind a thin band of the nickel- 
rich face-centied alloy which will separate it from the interior of the Bolid 
solution in which the conditions of retrystnllisatinn will lie different, as 
Mr Dee’s observations show 

My warmest thanks are due to Prof Smith not only for suggesting meteorites 
as a suitable subject for X-ray study and for placing at my disposal the necessary 
apparatus, but also for the great interest he ha» taken m the vrork and the 
many helpful suggestions he has made I am also indebted to Mr Dee for 
much information about the metallography of meteorites and of the mckel-iron 
alloys My best thanks are also due to Mr, G 0 Harrison of the Physics 
Workshop for his invaluable help wuth much of the high-vacuum technique, 
and for making many of the accessories required in the research 
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On the Excitation of Polarised Light by Electron Impact. 

By H. W B. Skinner, Ph D , \1 A , Exhibition of 1861, Senior Student. 

(Ctunniumrati'd by Hn Eriuwt Rutherford, Pres R S — Received July 1, 1926 ) 

(Plate 21) 

§ 1 Introduction 

In the course of wune experiments* on polarisation effects shown by mer¬ 
cury lines, emitted from a low-presHuro electron-maintained arc, it was found 
that the yellow mercury lines X 5770, 5791 are weakly polarised even in the 
absence of a magnetic field, the direction of the maximum electric vector being 
parallel to the direction of the discharge From the general characteristics 
of the effect, it appeared likely that the polarisation is due to the partly directed 
character of the electron tracks in the arc , and, in this way, one was led to 
the view that an electron is capable of exciting an atom to the emission of 
polarised light The present, paper describes an attempt to investigate this 
point more thoroughly. 

While the work was in progress, two papers have appeared in which a search 
for signs of polarisation in the light excited by electron impact has been made 
The first is by Kosael and Gorthsenf who examined the case of the D lines of 
Sodium with a negative result This was confirmed by EUett, Foote and Mohler.J 
who also investigated the case of the mercury line X 2537 with a positive result, 
which will be described subsequently These experiments, however, only 
dealt with a few individual spectral lines. In the present work data have been 
obtained for all the more prominent lines of the mercury spectrum § 

§ 2 The Source of Light 

It is clear that the chief necessity for the experiments is an electron tube 
which is capable of producing an intense, perfectly directed stream of electrons. 

After some trials, a tube was designed which has proved to work well The 
design is shown in fig 1 (approximately a quarter of actual size) and fig 2 (half 
of actual size). 

It is an electron tube which runs on mercury vapour at a pressure of one- 

m An account of these is in the proas. 

t 4 Ann. d. Fhywk/ voL 77, p 273 (1926). 

X ' Phys Rev / vol. 27, p. 31 (1926). 

I Preliminary results wen published lu 1 Nature/ vol. 117, pt 418 (1926), 



Excitation of Polarized Light by Electron Impact. 64.3 

thousandth of a mm. or less. The tube was exhausted continuously by means 
of a diffusion pump, and the pressure may be controlled by Filtering the 
temperature of the mercury bead M 


' 2000 w 



F is the filament, a narrow platinum strip coated with a mixture of Ba/Sr 
and Ca oxides, The potential drop across it when heated is about 2 volts 
C is a cup maintained at a suitable positive potential with respect to F and 
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acts as a focussing cylinder P is a metal plate with a filit 2 mm. wide, and 
Q a second plate with a slit 1J mm. wide Finally there is a third plate A 
as anode The space between Q and A js surrounded by a metal cylinder 
joined to Q Two holes are cut in it for observation and its function is 
electrostatic shielding 

The filament, together with the plates C and P, can bo removed by means of a 
ground-glass joint The window W (of fluorite) had to be fixed on with wax, 
since it must pass the ultra-violet In spite of this the spectrum emitted ib one 
of pure mercury, and the amount of impurity present was certainly less than 
10 -4 mm. 

The plate F serves as a grid Normally an accelerating field of 60 volts is 
applied between F and P, and a retarding field between P and Q. The object 
of this double potential is to obtain an intense stream of alow electrons Suffi¬ 
cient visible light is emitted for visual observations when the speed of the elec¬ 
trons corresponds to 20 volts A is connected to Q through the galvanometer 
G which measures the current in the electron jet This at 20 volts is of the 
order of l/10th m a 

When the tube is working, a well-defined stream of electrons is obtained in 
the region between Q and A This is made visible by the light emitted from 
the mercury atoms along its track The light appears as a narrow bluish streak, 
which hardly spreads out at all in passing from Q to A, and little light comes 
from points outside the streak, The application of a magnetic field showed that 
the velocities of the electrons wero very uniform , the bright streak was bent 
into a circle without being noticeably diffused 

A photograph showing (slightly enlarged) the appearance of the Btream 
(a) without a magnetic field, and (6) in a magnetic field of 5 gauss is given in 
fig 3 (see Plate 21). 

§ 3 Magnetic and Optical Apparatus. 

The tube is placed so that the electron stream runs vertically The light 
emitted from points immediately under the slit Q is observed m a direction 
perpendicular to the stream A pair of Helmholtz coils GO cm in diameter 
is provided, with axis in the magnetic meridian for balancing out the earth’s 
field, With the aid of a horizontal and a vertical magnetometer this could be 
accomplished with great accuracy. The main part of the metal portions of 
the apparatus are of molybdenum, bo as to be non-magnetvc and not to absorb 
mercury The electrode seals through the glass are, however, of nickel-iron 
alloy, welded to molybdenum, close to the seal, and were found to have a 
negligible magnetic effect in the region used for observation, 
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There remains the difficulty of heating the filament without providing a 
greater magnetic held than can be helped This is accomplished by bending the 
filament leads as shown in fig 2 With a heating current of 4 amps the field 
in the observation Bpace 15 mm away from the filament is less than L/50th 
gauss, and this accuracy of balancing was considered sufficient 

A second pair of Helmholtz coils was provided m order to impose a magnetic 
field These can be placed in any position, but the standard position is with the 
axis in the direction of observation 

For visual observation, an Ilford filter has been used to isolate the yellow 
mercury lines A Babmet compensator and analysing Nicol prism ha\ e been 
used for detecting polarised light, and measurement is performed by means 
of the interposition of glass plates at an angle. 

Spectroscopic work has also been carried out, using a large Hilger quartz 
spectrograph (Ej) The high dispersion is necessary in order to separate 
the lines while using a broad slit, This is required in order that faint fringes 
may be visible on the spectrum plate 

The method adopted for the photographic work is to focus the electron 
stream on to the Babinct compensator by means of a fluorite lens. The Babinet 
fringes and electron stream arc then focussed with a quartz lens on to the 
slit of the spectrograph 

When the Babinet is employed, we have no direct meanB of determining 
the plane of polarisation (e g , whether horizontal or vertical). This can, 
however, be determined by omittmg the Babmet and using a Wollaston 
double-image prism of ralette The method then is simply to place the prism 
at a distance immediately in front of the tube and to focus the two images of 
the electron stream with quartz lenses on to the abt of the spectroscope, 
which is aligned accurately with the direction of the stream. In this way 
we get two spectra, one corresponding to vibrations parallel to the electron 
stream and the other to vibrations perpendicular to it It is true that the 
reflexion losses for these two beams during their passage through the spectra* 
graph may differ slightly, but to the present degree of accuracy this 
correction proves to be negligible. Thus the relative densities of the two 
images give the direction and percentage of the polarised light; but the 
determination of the percentages involves a considerable amount of photo 
metric work and has not yet been accomplished. 

To find out whether the upper or lower image of the double-image prism 
corresponds to light polarised with the electric vector parallel or perpendicular 
to the stream, a source of light reflected from a gloss plate was examined 
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through the prism The stronger image then corresponds to light polarised 
with the eloctno vector parallel to the glass plate. 

§ 4. Results 

In this way it has been found that, in the absence of a magnetic field, most 
of the mercury lines are polarised, if the speed of the electron is sufficiently 
near to that corresponding bo the excitation voltage. In most cobcs, the light 
ih jwlariBed with the direction of the maximum electric vector parallel 
to the electron stream, but m a few instances the perpendicular direction is 
found 

The direction of the plane of polarisation rotates when the tube is turned 
through an angle about the direction of observation, and, since the direction of 
the stream is the only factor which cun determine the plane of polarisation, 
there can be no doubt that the effect is caused by the uni directional character 
of the electron stream Further, the fact that the light is concentrated in the 
elertron stream instead of spreading out throughout the tube shows (since the 
mean free path of the mercury atoms is about 3 cm ) that the light observed 
is emitted immediately after an electron impact, and thus the light observed 
is that directly excited by the impact We are, therefore, dealing with the 
direct excitation of polarised light by electron impact 

Fig 4 is an example of a plate taken with the double-image prism, showing 
the polarisation of some of the lines by intensity differences between the upper 
and lower spectra The upper spectrum corresponds to light polarised 
parallel to the stream Fig 5 shows the lines X 4347 and 4350 photographed, 
using a Babinet compensator Here oblique bands show the polarisation of 
X 4347 clearly (see Plate 21) 

The lines which we have investigated most completely arc the lines X5770 
(2’Pt— 3 D*) and 5791 (2*Pi — 3*0*), These have been produoed with a mercury 
pressure of one-thousandth mm. in the tube Both are polarised with the 
maximum electric vector parallel to the electron stream. The polarisation 
measurements have been earned out visually on the two lines together, using 
a filter for analysis of the light. 

The lines passed by this filter are the yellow lines X 5770 and 5791, a faint 
and inseparable comparison to X 5791, and three very faint red lines, The red 
lines certainly, and probably the faint companion also, will have no appreciable 
influence on the results. The line 5770 is rather fainter than 5791. An exact 
test of the equality of the degree of polarisation for these two lines baa not been 
performed, but no difference can be noticed by mere inspection, and gs we shall 
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sec later, the percentages of polarisation cannot differ by more than about 
5 per cent 

The curve of fig 6 shows the variation with the voltage (t e , with the energy 
of the exciting electrons) of the degree of polarisation of the two yollow' lines 



together (for which the excitation voltage is 9 volts) The percentage polar¬ 
isation is approximately an exponential function of the energy of the electron 
after impact. 

We now come to the effects produced by the application of a magnetic field. 
These measurements Again apply to the case of the two yellow lines together, 
a filter being used 

In the first place we consider the effect of a magnetic field parallel to the 
electron stream. Fields of strength up to 40 gauss in this direction have been 
tried and have proved to be without influence on the polarisation. 

A field applied at right-angles to the stream has a depolarising action which 
is at a maximum when the direction of the field coincides with the direction of 
observation Thu, then, is the most interesting case. The depolarisation is 
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then accompanied by a rotation of the plane of polarisation about the axis of 
the field. The rotation produced by a field of 2 gauss is quite appreciable, but 
in the strongest fields possible (namely, 12 gauss) there is always some polarisation 
left. A limit is set to the strength of field which can be used, for, of coum. the 
electron stream is bent into a circle, and if the curvature is too great, observa¬ 
tions are not possible In determining the rotation this curvature of the stream 
was allowed for. 

Curves of the rotation and depolarisation duo to a magnetic field arc given 
in fig 7. Tor a reason which wifi appear Subsequently, We have hero plotted 
against H, tan 2$, where 3 W the rotation, and ^n 0 B /nf"— 1, where If is the 
observod percentage polarisation* and II 9 is the percentage polarisation in a zero 



field. In both cases the method adopted is such as to exaggerate greatly email 
errors in the measurements, which can hardly be mode more accurately than 
to within 2° in the case of rotation and to within 1 per cent, in the case of 
polarisation. The points in both curves corresponding to the stronger field* 
are particularly liable to error, owing to the considerable depolarisation. 

The ease of X 2637 (l*8o^8*Pi> has also received a good deal of attention. 

If the rest of the mercury spectrum is being emitted, the tight from this line 

* n — loo jff^ wlw art the Intensities of the light polarised parallel sod 

psrpeadkndsr tip a given (fixeotkxk * 
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which is observed will not (rt wholly that due to direct excitation of the 2*Pi 
state by electron impact. We most work therefore at Booh a voltage that the 
other mercury line* are not emitted. One must alto work at a much lower 
pressure than is necessary in the case of the other lines on account of the [act 
that X 2537 in absorbed by the normal mercury atom. Id a recent paper* 
Ellel fc, Foote and Mohler have described the results of this experiment. Working 
at a pressure of mercury corresponding to a temperature of —18° C. and with an 
electron speed of 6-7 volts, they found X 2537 to be 30 per cent, polarised in a 
plane perpendicular to the electron stream. 

This result is, as was pointed out by Ellett, Foote and Mohler, and as will 
be seen subsequently, difficult to interpret theoretically, and therefore it seemed 
worth while to obtain confirmatory evidence. With a mercury temperature of 
— 12° and an electron speed of 8 volts, a considerable polarisation perpendicular 
to the stream was observed. The same result was also obtained using a small 
spectrograph to analyse the light, thus removing any slight doubt that the 
effect might bo one belonging to 11 false fr light, Kllett, Foote and Mohler 
arranged their experimental conditions very carefully in such a way that it 
seems impossible that the light observed should have any other origin than 
direct electron impact. 

They further showed that the effects of a magnetic field on the polarisation of 
X 2537 are similar in nature to thorn we have found for X 5770, 5791. We have, 
m fact, also confirmed their conclusion that the polarisation in a plane perpendi¬ 
cular to direction of the electron stream Is practically removed by a magnetic 
field of 3 gausB in the direction of observation.f This is of importance in that 
it shows that the polarisation effect observed on X 2537 is of a similar nature 
to those found for the remaining lines. 

We have finally to give a list of the mercury lines which have been observed. 
Exact polarisation measurements have not yet been made in most cases. 

Table I shows the observed polarisation of the mercury lines examined when 
produced with a pressure of 1/1000th mm, of mercury in the tube. The re¬ 
sidual magnetic field was not greater than l/50th gauss. The electron voltage 
to which the observations correspond is 20 volts, while the excitation potentials 
of tho linos are between 8 and 9 volts. 

The signs || and J. imply polarisation with the maximum electric vector 
parallel or perpendicular to the electron stream. The symbols s, m and u> 

* Lor r U. 

t It is probable that the mem effect of this field la a rotation of the plans of poiariaatton 
through newly i 6°. 
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give a scale of polariaation based on visual estimates, in which, very roughly 
speaking, 

b = 40 per cent., m = 30 per cent , and w = 20 per cent 
But these values, except for the value of m, may need considerable correction 
when photometric measurements have been made 

* We see Dung (he aariee notation of RqmoU and Saunders (■ AstropKyi Joum / vol 51, 
p 38 (19SA) )i in vrhkh term* with increasing aiwwthal quantum number are represented by the 
cymbal* fl, P, D. We write lor a term eg, nr P / when a i* the total quantum number, r in the 
muJtiplioty of the term and j Is the inner quantum number For convenience an integral Hole 
for r b taken, and in the oum where j li halMntagra], we cub* tit ate for It the value (j-t) 
t At 7 volte (obeervatlon ol KLlett, Foote and Mahler) 
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The linos whoso series air given in brackets are (onsidorably weaker and 
inseparable companions to the lines above them 

The calculated values of the fifth column will recent- explanation later and 
ere connected with the values (column 1) of the change of the quantum number y 
(which represents the angular momentum of the atom) calculated for an 
absorption switch 

§ 5 Dmcussioii of RrHultn 

It tan scarcely be doubted that the polarisation effects in question ha\t* their 
origin in the fat t that the electron stream is unidirectional We must therefore 
assume that in the case of many spectral lines, at any rate, the impact of an 
electron on an atom has the result of exciting the atom to produce plane-polarised 
light The effect is analogous in some respects to the known result that the 
X-rays emitted from an ordinary target arc polarised But the analogy seems 
rather superficial Iw eausc it has been hhown* that this polarisation is only 
found in the ease of the continuous X-ray spectrum and not for the lines 

Assuming that an atom is m a position to emit plane-polarised light, one 
would expect that the effects of an external field on it will be independent of 
the mechanism by which it has reached this excited state This fact suggests 
an obvious analogy between the results we have described and the results 
found in experiments of the type initiated by Wood and Ellett | These ex¬ 
periments deal with observations of the polarisation of resonance radiation and 
the effects of a magnetic field on it In. their case, the excitation of the atoms 
is by the absorption of radiation, and in our case by electron impact, but the 
effects of an external field on the polarisation may be expected to be the same 
This actually proves to be the case The most completely studied case of 
resonance is that of the Mercury Line X 2537, for which observations have been 
nuidc most completely by HanleJ and von Keussler,§ who have fouud the 
depolarisation and rotation effects exactly as we have described them 

The theory of the effect which Hanle has given is the following.—Suppose there 
is a linear vibrator in the atom which is emitting the light as on the classical 
theory. If a magnetic field is applied in a direction at right angles to the 
direction of vibration, a Larmor precession will be superposed on the motion. 
Since, further, we must assume that the vibration is damped, the motion will be 
of the type shown in fig 8 It can be seen from this that the plane of polansa- 

• Busier. 1 Ann. d Phyaik/ voL 28, p SOS (1009). 
f 1 Phya. Rev voL 24, p 243 (1924) 
t 1 Z L Phyflik,' vul 37, p 93 (192fl). 

§ ‘ Phys Zcit vol 27, p. 331 (19M). 
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tion of the tot*] light emitted can be considered as rotated to a direction indi' 
cated by the arrow and the total light partially depolarised, li a Babinet 



Electron Path 


Via S 

compensator is used for detection, it is cany to calculate that the apparent 
rotation will be given by the relation 


tan 2$ - 




where u is the magnetic rotation frequency corresponding to the field strength 
H, and p is the damping constant of the oscillation, defined by the statement 
that the amplitude of the vibration is given by 


a ^ Ofjc 


The apparent depolarisation is also given by the formula 



IV _ i 

ir- ’ 


where JI 0 is the percentage polarisation in a zero field and II the percentage 
in the field H. 


In the case of the singlet 2 ! Pi—JPDacombination, A 5791, there is no ambiguity 
as to what we shall take for m The Zeeman splitting is normal and so we natur¬ 
ally take the Larmor frequency. In the case of the line X 5770 (2 1 Pi—3” D s ), 
the Zeeman effect is anomalous, since the 5 Dn term has a Land6 splitting 
factor (</) of 7/6, that for the J P| term being of course 1, But since the value 
7/6 is not very different from 1, it would seem that in this case also we shall 
not be much m error if we again take the Larmor frequency for u. 

We are now in a position to interpret the curves of the rotation and 


Excitation of Pofanacd Lu/ht by Electron Impact 653 

depolarisation which have been given in fig 7 The curves should, according 
to the theory, be straight lines, which within the limits of error they are The 
slope of these lines gives in each case the value of oj/2rcp for a field of 1 gauss 
The values obtained nlso agree well. From them one can calculate [}, but it is 
of more significance tn calculate t = 1/p T.onthe classical theory, is the time 
taken for the vibrations to die down to ]/eth of their initial value It corre¬ 
sponds on the quantum theory to the mean life of the atom ill the excited state, 
We obtain, in fuit, the following values for the mean life of the mercury 
atom in the 3 X D^ and 3 a D B states before the switch to the 2*Pi state 
From rotation =2 85 i 0 15 10~ 8 sec 
From depolarisation = 2*88 ± 0 15 10 8 sec 

We may therefore take 2 9 10“ s sec as the value of r for these states. 

The value found by von Keussler for the 2 a Pi state of mercury is 1-12 10~ 7 
sec ,* and that of the mean of the 2 a P A and 2 2 Pi states of sodium is considerably 
less. These results are in general agreement with the results of Wien on the 
mean time of life of an atom in the excited state 

We mayhere also note that if the t for the and 3 a D a states are not the 
same, we should not expect the curves of fig 7 to be straight lines The fact 
that they are approximately so shows that the t’s must be nearly, at any 
rate, the same as has already been mentioned. 

The t’b for the other lines have not so far been determined, but the method 
described evidently admits of a wide application 

These effects of a magnetic field on the polarisation have been interpreted 
on Hanle’s classical theory We arc here dealing with such weak magnetir 
fields that the atoms are not space-quantised For if they were, it has been 
pointed out by Hanle that the rotation effect could not exist For this is 
essentially an interference effect between the light of different frequencies 
emitted by an atom in a magnetic held, and ho concludes that in the case of 
these weak fields nil the Zeeman components of a line must be emitted by the 
same atom We have here, then, a case to which the rigid quantum theory 
seems quite inapplicable 

This remark is of some importance when we attempt to frame a quantum 
theory of the mechanism by which an electron can excite an atom to emit 
polarised light. For it shows that we cannot hope to do so while the atom 
remains in a degenerate state On this ground the theory ol Ellett, Foote and 
Mohlef would seem to be open to criticism They predict theoretically that 

* Tbelr value la further confirmed m regard* order of magnitude by the experiments of 
Ellett, Foote and Mahler which hare been mentioned 
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polarisation should only occur for the transitions in which j, the quantum 
number representing the angular momentum of the atom, changes by one unit, 
and this proves to be by no means the case 

The simplest method uf treatment would seem to be to suppose a magnetic 
field parallel to the electron beam, of sufficient strength to ensure orientation 
of the atoms, but not strong enough to split the lines appreciably AVc ha\e 
seen that experimentally such a field produces no effect on the polarisation, 
and Heisenberg* has shown, in the case of resonance radiation, from arguments 
based on a generalised correspondence principle, that this may be expected 
We now come to the fundamental basis of the theory To simplify matters 
we shall at first suppose that the impacting electron has just that velocity 
necessary for excitation of the line in question and no more This means 
that after the collision the electron is reduced to rest One may reasonably 
assume that the angular momentum which is given by the electron to the atom 
must be in a direction, at right angles to the initial direction ol motion of the 
electron t 

Since the angular momentum transferred during the collision is at right angles 
to the direction of the electron stream, it is at right angles to the magnetic 
held which wc are supposing to bo applied m the direction of the stream 

We represent by j the quantum number expressing the total angular 
momentum of the atom, and by m its component in the direction of the 
magnetic field H It follows that in the transitions induced by the impact of 
an electron moving in the direction of H that the change in in, namely, 

Am 0 (1) 

This equation therefore expresses the condition that in the excitation of light 
by electron impact the angular momentum communicated must be at Tight 
angles to the direction of motion of the impacting electron previous to collision 
Now the magnetic field has the property of splitting the levels of the atom. 
The way in which the splitting takes place is well known from the analysis 
of the Zeeman effect Actually, the normal unexcited state of the mercury 
atom, the USq state, is not split., the magnetic quantum number of this state 
being given by m = 0 In general the states will, however, be split, and in will 
have for them, in the case of the mercury atom, the values 0, ±1, ±2 .. ± 
0 - 1 ) 

We may represent these states diagranunatically, for the sake of simplicity 

• ‘ Z. f. Phyalk,' vol. 31, p. 617 (1925). 

t This point tlsq forma the basis of the theory of EUett, Foote and Mohlcc. 
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only three terms being taken -the USo term, the 2 ! Pi term and the 3 l D a term 

(fig 9). 



Now the atom is initially in the HHo state ami has m — 0 Using equation 
(1) wo sec that by thr impact of nn electron it must bo transferred (for example) 
into the ,‘l J D 4 term (m -- 0). Tins is represented by thr upward arrow 

The atom is now free to emit light, and, according to the rules of the Zeeman 
effect, it is known that the following transitions ran occur, for instance to the 
2 J Pi state 

(«) m — 0 corresponding to light- polarised parallel to H (||) 

(fe) w = corresponding to light polarised perpendicular to H (X). 
Since there are no atoms in the x D a state corresponding to in = ±1, ±2, the 
lines which will be emitted are represented by the downward arrows. 

The intensities of these Zeeman components arc calculable on the basis of 
the *' Humiliation ruleH ” of Ornstein, Burger hiuI Dorgelo A useful account 
is given by Kronig* of the application to the case of the Zeeman components. 

We have m our case only three Zeernaruotnponents emitted, one polarised || 
and the other two polarised X The net polarisation of the emitted light is thus 
calculable. In the case of all transitions involving A j — ± 1 (as in the example 
given) the intensity of the component polarised \\ is greater than the sum of 
the intensititles of the components polarised X The uct polarisation is thus 


Z. f Phyuk,’ voI 31, p SH3 (I92B) 
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a || polarisation, the value of which varies with the precise j and k values involved 
in the transition, 

However, in the case of the transitions Aj — 0, the state of affairs is quite 
different The essential distinction is that the analysis of the Zeeman effect 
has shown that the transitions 

Aj -.= 0 Am - 0 

do not occur, and this also follows from the theory of Kromg, 

If the atom is excited by electron impact, iL will, as before, l>e in an m — 0 
state In the emission of n line corresponding to Aj — 0, therefore, only the 
transitions 

- _bf 

can take place, and the light will polarised perpendicular to the direction of 
motion of the electron 

These considerations are based on the assumption that the electron has just 
enough energy to excite the atom, and no more However, observations at 
such velocities are not possible on account of the faintness of the light, and 
hence the experimental results apply to electrons of higher speed If the 
electron lias a finite velocity after the impact, it is clear that it wull be possible 
for it to transfer angular momentum in a direction parallel to that of its initial 
motion to the atom 

Unfortunately, it is not possible to calculate precisely the ratio of the amount 
of angular momentum perpendicular to the initial direction of motion of the 
electron transferred m a number of collisions to the amount transferred m the 
perpendicular direction The reason for this is, that in the general case under 
consideration, the relations of energy and momentum do not suffice, We 
require a more detailed knowledge uf the forces acting on the electron during 
impact, and this at present is lacking 

However, it. would seem reasonable to suppose that the probablity of a 
collision in which angular momentum in a direction parallel to the initial 
direction of motion of the electron is transferred will increase with the emerging 
velocity of the electron, The magnitude of the polarisation effects will, there¬ 
fore, be expected to decrease with the increasing initial velocity of the electron 
In the case of X 5770, 5791 n steady decrease with increasing velocity was 
observed (see fig 5) 

In the case of X 5770, 5791 we have already sufficient material for a rough 
numerical test between theory and experiments, The polarisation o! these 
lines is parallel to the stream. We require the degree of polarisation when the 
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electron speed corresponds to the excitation \oltage of the line, and this can 
only be obtained by extrapolation of the results obtained with greater 
electron speeds In fact, an extra pol at ion back to 9 volts by means of an 
exponential formula (see fig 5) gives a value of about 05 per lent of polarisa¬ 
tion This corresponds very nearly to the calculated value of GO per cent 

In the cases of the other lines, we hfne at the present moment to fall hack on 
a qualitative test The values of the polarisation calculated for electrons of 
speed corresponding to the excitation potential have been inserted in Table 1 
and may be compared with the experimental results for nil electron speed of 
2(1 volts 

It is seen that, in spite of some exceptional cases to be mentioned later, 
there is a general agreement both ns regards the direction of the plane of 
polarisation and the relative magnitudes of I he polarisation 

W r o may here also notice that the case of the D lines of sodium also agrees 
with the theory This case has been investigated bv Kosscl and Oerthsen,* 
who found no polarisation effect, and their result was confirmed by Ellett, 
Foote and Mohler * The normal l*Si Btate of sodium splits in a magnetic 
field into two states with m = -{^ and one sees at onee that ou this account 
the effects will be smaller than in the case of mercury with its unspht normal 
state Actually, calculation shows 0 per cent and GO per cent with a mean 
(bearing in mind the relative intensities of the D lines) of 20 per cent , and 
remembering the rapid decrease of the percentage polarisation with increasing 
speed of electrons, an effect of this magnitude might well escape detection 

It will be seen therefore, that the theory goes a considerable way towards 
explaining the facts But returning now to the mercury lines it appears from 
Table I that there are four lines for which the observed polarisation seems 
definitely not to ngrt* with the calculated. These are — 


Table J! 


X 

Series 

2537 

1% - 

2 5 P, 

4047 

. 2 3 P 0 — 

2*8, 

4358 

2 s Pi — 

2»S, 

2967 

. 2 a P 0 - 

3»D 


Of these the most flagrant case is X 2557, w hich shows a J_ polarisation of 
30 per cent, at 7 volts in place of the theoretical value of 100 per cent |) at 


Lvc, eti 
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the excitation voltage. In the other rases the plane of polarisation is correctly 
given, but the observed magnitude is smaller than expected. 

It will be noticed that all these hues involve impact switches from the normal 
l'So state of mercury for which Aj = 1, while for the hues for which the theory 
seems to hold, in the impact transition, Aj ~ 0, 1 or 3 * 

Let us take the case of X 2537 as the clearest example for which the theory fails 
The observed _L polarisation, if our picture is correct at all, shows that the 
probability of the excitation of the states (rii — ±1) must be greater than 
the probability nf the excitation of the state 2 8 P] (m -- 0) 

It is not definitely proved yet whether or not this ,1 polarisation occurs when 
the speed of the electrons corresponds exactly to the excitation voltage All 
that is proved is that there is a X polarisation at an electron speed of 7 volts 
This fact may provide a loophole for the applicability of the theory , for, as 
we saw, if the electron goes away from the excited atom with a finite velocity, 
the impact switches Am ± 1 are possible, and we have no moans of determining 
the relative probabilities of these switches and of the impact switch Aw = U. 

But although further work on this point is needl'd, it would seem fair to 
state that the experiments make it apjiear unlikely that, for an electron sjieed 
of 4 9 volts (the excitation potential), the line X 2537 will be found polarised 
KM) per cent || If this is not the case, there wuuld be a definite disagreement 
with the theory suggested above. We may perhaps put forward some 
tentative speculations on this point 

The difficulty might be avoided by making the assumption that the impacting 
electron may puawse angular momentum of spin This is the model proposed 
by Vhlenbeck and Goudsiuidf which has proved successful in resolving many 
of the difficulties connected with the multiplicity of spectra and the Zeeman 
effect. On this hypothesis, when an electron in an atom is orientated by the 
magnetic field within the atom, it adds a half of a quantum of Angular iuomen- 
turn in tho direction of the field, or in the opposite direction. We may perhaps 
extend this case by supposing that a free electron when orientated by an external 
field has half a quantum of angular momentum in the direction of the field 
or in the opposite direction 

In the present problem, if suppose, as before, that there is a magnetic 
field, in the direction of the electron stream, it is clear that, with the hypothesis 
of the spinning electron, we have the possibility that an electron (by changing 

* Except lu the cam of the mean line X 5401 <2“P a — ^W,), for whwh the calculated 
polarisation is too small for any decision to he pnesfble. 

t 1 Nature,’ vol. 117, p, (192<t), 
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its direction of orientation) may on impact transfer to the atom one quantum 
of angular momentum in the direction of the held (We call this process 
“ Process B.”) 

Now it is just in the case of the lines which involve impact aw itches i5y ~ ±1 
(i c. the atom, on impact, gains nr loses cue quantum of angular momentum) 
that the simple theory suggested above appears to breakdown, aiul this fact 
is suggestive. 

Of course, we still have the possibility of the transfer of any number of quanta 
of angular momentum m a direction perpendicular to the field, as described 
previously ( lf Process A 1 ) We may suppose, therefore, that a line like 
X 2637 which involves an impact switch \j = ±1 may be excited either by 
Process A or by Process B, and the degree of polarisation to bo expected will 
be indeterminate 

In the case of the lines involving impact switches Aj — 2, 3, we have seen 
that, experimentally, the part played in excitation by Process B, if any, must 
be small. Since, by Process B, exactly one quantum of angular momentum 
must be transferred, it is evident that Process A must be concerned in every 
excitation of this type If both processes Were concerned m an excitation, the 
angular momeutmn transferred by process A would not be quantised.* If, 
therefore, we were to make the hypothesis that the angular momenta transferred 
by Process A and Process B are quantised individually, the simple theory 
involving Process A only, which was described above, might be retained for 
these lines. 

Experiments on the excitation of polarised light by electron impact are still 
in progress, and it is hoped that before long it will be possible to subject these 
speculations to a more rigid test 

Summary 

I An electron tube producing an intense unidirectional stream of electrons 
of slow speed is used for the excitation of the mercury spectrum, and polarisa¬ 
tion measurements are made on the light emitted from the tube in a direction 
at right angles to the direction of the stream. It is found that with an electron 
speed corresponding to 20 volts many of the mercury lines are partially plane- 
polarised, most with direction of the maximum electric vector parallel to 
the stream, but some in the perpendicular direction. The experiments of 

* For example, in the uwo of an impoi t transition in which i j = 2. if one quantum of 
angular momentum parallel to the field ni Iraiuferrod by Procesa H, it would he neonaary 
for y/ 3 quanta perpendicular to the held to be transferred by Process A. 
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Ellctt, Foote and Mnhlcr, who found that X 2537 was* polarised in the latter 
direction, are confirmed, In the cases of X 5770, 5791 the polarisation parallel 
to the stream decreases rapidly as the speed of the electrons increases. 

2 The application of a magnetic field in the direction of the stream has no 
influence on the polarisation , but a weak field of the order of 2 gauss causes 
two effects to appear which increase ^ith the field strength, namely, (o) a 
depolarisation ami ( b ) a rotation of the plane of polansation. These are 
investigated in the case of the lines X 5770, 5791. 

3 The magnetic effects arc interpreted satisfactorily on a theory of Hanle 
put forward in connection with work on resonance radiation Each effect 
(o) ami (6) leads to determination of t, the mean life of the atom in the excited 
state, and these values are concordant 

4 The polarisation effects are due to the direct excitation of polarised light 
by electron impact An attempt- is made to picture this process. The theory 
u based on the fact that, in excitation, an electron may, if its speed corresponds 
nearly to the excitation voltage, lie expected to transfer angular momentum 
to the atom in a direction perpendicular to the initial direction of motion of 
the electron The facts in the case of moat of the lines agree well with the 
theoretical expectation, but in a few cases the theorv seems to be inadequate. 

In conclusion, the author wishes to express his thanks to Prof Sir Ernest 
Rutherford, 0 M , P R.S , for his constant interest and helpful criticism, and 
to Mr R. H. Fowler, F.R 8 , [or valuable discussion 
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On the Theory of Quantum Mechanics. 

By P A M, Dirac, St John’s College, Cambridge 

(Communicated by R H Fowler, F R 8 —Received August 26, 1928 ) 

§ 1. InJroducUon and Summary. 

The new mechanics of the atom introduced by Heisenberg* may be based 
on the assumption that the variables that describe a dynamical system do not 
obey the commutative law of multiplication, but satisfy instead certain quantum 
conditions One can build up a theory without knowing anything about the 
dynamical variables except the algebraic laws that they are subject to, and 
can ahow that they may be represented by matrices whenever a set of umform- 
ising variables for the dynamical system exists | It may be shown, however 
(Bee § 3), that there is no set of umformising variables for a system containing 
more than one electron, so that the theory cAnnot progress very far on these 
lines, 

A new development of the theory has recently been given by Schrodinger.i 
Starting from the idea that an atomio system cannot be represented by a 
trajectory, i.e,, by a point moving through the co-ordinate space, but must be 
represented by a wave in this space, Schrodinger obtains from a variation prin¬ 
ciple a differential equation which the wave function ip must satisfy This 
differential equation turns out to be very closely connected with the Hamiltonian 
equation which specifies the system, namely, if 

H (q n Pr) — W = 0 

is the Hamiltonian equation of the system, where the q Tt p r are canonical 
variables, then the wave equation for ip is 

(H(j ri tA|-)-\v]* = 0, (1) 

where h is ( 27 c)' 1 times the usual Planck’s constant. Each momentum p r in H 
is replaced by the operator i h 9/3y n and is supposed to operate on all that exists 
on its right-hand Bide in the term in which it occurs. Schrodinger takes the 
values of the parameter W for which there exists a ip satisfying (1) that is 

* See various papers by Bom, Heisenberg and Jordan, ‘ Zeits f. Fbys vol, S3 onwards. 

t 'Roy Soc. Proo / A, vol. 110, p 561 (1026). 

J S6e vanoufl papers In tbe ‘ Ann d. Phys beginning with vol. 70, p 361 (1026), 
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continuous, single-valued and bounded throughout the whole of y-space to be 
the energy levels of the system, and shows that when the general solution of (1) 
is known, matrices to represent the p r and q r mav easily be obtained, satisfying 
all the conditions that they have to satisfy according to Heisenberg's matrix 
mechanics, and consistent with the energy levels previously found The mathe¬ 
matical equivalence of the theories is thus established 

In the present paper, Hchrodinger’s theory is considered in § 2 from a slightly 
more general point of view', in which the time / and its conjugate momentum 
—W are treated from the beginning on the BRine footing as the other variables 
A more general method, requiring only elementary symbolic algebra, of obtaining 
matrix representations of the dynamical variables is given. 

In § 3 the problem is considered of a system containing several Himilar par¬ 
ticles, such as an atom with several electrons If the positions of two of the 
electrons are interchanged, the new state of the atom is physically indistinguish¬ 
able from the original one. In such a case one would expect only symmetrical 
functions of the co-ordinates of all the electrons to be capable of being repre¬ 
sented by matrices It is found that this allows one to obtain two solutions of 
the problem satisfying all the necessary conditions and the theory is incapable 
of deciding which is the c orrect one One of the solutions leads to Paulis 
principle that not more than one electron can be in any given orbit, and the 
other, when applied to the analogous problem of the ideal gas, leads to the 
Einstein-Bose statistical mechanics. 

The effect of an arbitrarily varying perturbation on an atomic system is 
worked out in § 5 with the help of a new assumption The theory is applied 
to the absorption and stimulated emission of radiation by an atom. A generalisa¬ 
tion of the description of the phenomena by Einstein's B coefficients is obtained, 
in which the'phases play their proper parts This method cannot be applied to 
spontaneous emission 

§ 2. General Theory 

According to the new point of view introduced by Schrodinger, we no longer 
leave unspecified the nature of the dynamical variables that describe an atomic 
system, but count the q* and t as ordinary mathematical variables (this being 
permissible since they commute with one another) and take the p's and W to he 
the differential operators 

»—*&• -*—*!• «> 

Whenever a p r or W occurs in a term of an equation, U must be considered as 
meaning the corresponding differential operator operating on all that occurs on its 
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nghlhawf nde m the term in quentxo)t Thus, bv carrying out the operations, 
one fan reduce any hinttion of the p’n, W uml t to a function oT the q a and t 
only. 

The relations (2) require two obvious modifications to be made in the algebra 
governing the dynamical variable* Firstly, only rational integral functions of 
the p'h and W have a meaning and, secondly, one can multiply up an equation 
try a fcuJo) (integral in the p' h and W) on the left-hand side, hut one cannot, m 
general, multiply up by factor on the right-hand side Thus, if one is given the 
equation a — b, one t nil infer front it that Xrt — \^ r vs here X is aLbitrary, but 
one cannot in general juTcr that aX = bX. 

There are, however, certain equations a b for which it is true that nX = bX 
for any X, and these equations we call identities The quantum conditions 
q r p f — p f q r -- iAS„, p r p, — pip T — 0 

with the sinnlur relations involving —W nnd /, arc identities, ns it can easily 
be verified (and has been verified bv Schrodmger) that the relations 

(qrP* — Mr) x — tAS r ,X, 

etc , hold foi any X These lelations form the main justification for tho 
assumptions (2), 

If ti — 6 is an identity, wc can deduce, since aX — bX and Xa — Xb, that 
nX — Xa = bX - Xb, 


or 

[«, X] - [V X] 


Thus we can equate the Foissoii bracket of either side of an identity with an 
arbitrary quantity, and so our quantum identity is the analogue of an identity 
on the classical theory. We assume the general equation xy — yx = \h\x, y] 
and the equations of motion of a dynamical system to be identities 

A dynamical system is specified by u Hamiltonian equation between the 
variables 

«(*,*./)- W = 0, (3) 

or mure generally 

F(* rJ p r ,f. W)^0 (4) 

and the equations of motion are 


drfds - [r, FJ, 


where x is any function of the dynamical variables, and naa variable which 
depends on the form in which (4) is written, and, in particular, is just t if (4) is 
written in the form (3) On the new theory we consider the equation 


F^Q, 


<« 
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which, if we take to be a (unction of the q' s and t only, ib an ordinary differen¬ 
tial equation for From the general solution of thia differential equation the 
matrices that iorm the solution of the mechanical problem may be very easily 
obtained. 

Since (5) ib linear in its general solution is of the form 

(6) 

where the c n ’s axe arbitrary constants and the v^'h are a set of independent 
solutions, which may be called eigenfunctions Only solutions that are con¬ 
tinuous, single-valued and bounded throughout the whole domain of the qa 
and t are recognised by the theory Instead of a discreet set of eigenfunctions 
y„ there may be a continuous set tp (a), depending on a parameter a, and satis¬ 
fying the differential equation for all values of a in a certain range, in which 

case the sum in (6) must be replaced by an integral jc a y (a) da* oi both a discreet 

set and a continuous set may occur together. For definiteness, however, we 
shall write down explicitly only the discreet sum in the followiiig work. 

We shall now show that any constant of integration of the dynamical system 
(either a first integral or a second integral) can be represented by a matrix 
whose elements are constants, there being one row and column of the matrix 
corresponding to each eigenfunction y„ Let a be a constant of integration 
of the system, t.e., a function of the dynamical variables such that [a, F] = 0 
identically We have the relation 

Fa = aF, 

which, being an identity, we can multiply by on the right-band side. We 
thus obtain 

Fa^* = aF^„ = 0, 

since F^,, = 0 (although not identically), Hence is a solution of the 
differential equation (5), so that it can be expanded in the form (6), i.e,, 

where the o M 's are constants. We take the quantities a mn to be the elements 
of the matrix that represents a. The matxix rule of multiplication evidently 
holds, since, if b is another constant of integration of the system, we have 

— “E-'I'A.n = 

* The general solution may contain quantities, such a* and which satlafy the 

diflercntaal equation (ft), but which cannot strictly be put m the form although 

they may be regarded u the limits of aeries of quantities which are of thia form, 
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and alto 

— E*<K( a6 h*. 

so that 

{ah) ku = Z fti a ktll b„ ln 

As an example of a constant of integration of the dynamical Hybtem p we may 
take the value a.(t 0 ) that an arbitrary function x of the p’s, g’s, W and t ban at a 
specified time t — tu The matrix that represents z(fo) will consist of elements 
each of which is a function of f 0 . Writing t for t Q} we see that an arbitrary 
function of the dynamical variables, x{t), or simply x, can be represented by a 
matrix whose elements are functions of t only 

The matrix representation wc have obtained is not unique, since any set of 
independent eigenfunctions will do To obtain the matrices of Heisenberg's 
original quantum mechanics, wc muBt choose the ij^’s m a particular way We 
can always, by a linear transformation, obtain a set of which makes the 
matrix representing any given constant of integration of the dynamical system 
a diagonal matrix Suppose now that the Hamiltonian F docs not contain the 
time explicitly, ho that W is a constant of the system, and is the energy, and 
we choose the so as to make the matrix representing W a diagonal matrix, 
% e , so as to make 

W^-W n ^ n , (7) 

where W* is a numerical constant Let x be any function of the dynamical 

variables that does not tnwlve the time rrplicitly, and put 

where the x m9 '» are functions of the tune only We shall now show that the 
j mB ’s are of the form 

A,.,. — (8) 

where the arc constants, as on Heisenberg's theory We have 

- (Wi„ - x„.W) + i: m r„,W|„ 

-= !j/„ (9) 

Also, Bince x does not contain t explicitly, 

= xW n ty n = W H x^ w 

= ( 10 ) 

Equating the coefficients of ip* m (9) and (10) 7 we obtam 

= x «i» (W* W m )| 

which shows that x mn is of the form (6)» 

vol. cm —a. 2 Y 
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Wo have thus shown that with the ^„'s chosen in this way the matrices satisfy 
all the conditions of Heisenberg’s matrix mechanics, except the condition that 
the matrices that represent real quantities are Henmtic (i e , have their tnn and 
nm elements conjugate lmaginariea) There does not seem to be any simple 
general proof that this is the case, as the proof would have to make use of the 
fact that the ij/n’s are bounded It is easy to prove the particular case that the 
matrix representing W is Hematic, »e, that the W H ’s are real, since from (7) 
<{/„ must be of the form 

where 14, is independent of t , and if W B contains an imaginary part, would not 
remain bounded as t becomes infinite. In general, the matrices representing 
real quantities could be Hematic only if the arbitrary numerical constants by 
which the i^ H 's may be multiplied are chosen in a particular way 
We may regard an eigenfunction as being associated with definite numerical 
values for some of the constants of integration of the system. Thus, if we fiud 
constants of integration a, b, . such that 

“>l'» = “.'I'.. = *»+«. • ■ (O) 

where a„, 6„, are numerical constants, we can say that represents a state 
of the system in which a, b, have the numerical values a„, b n , (Note 
that a, 6, must commute for (11) to be possible ) In this way we can have 
eigenfunctions representing stationary states of an atomic system with definite 
values for the energy, angular momentum, and other constants of integration 
It should be noticed that the ohoice of the time i os the variable that occurs in 
the elements of the matrices representing variable quantities is quite arbitrary, 
and any function of t and the j’s that increases steadily would do. To deter¬ 
mine accurately the radiation emitted by the system in the direction of the 
x-axis, one would have bo use (t — xfc) instead of f * It is probable that the 
representation of a constant of integration of the system by a matrix of constant 
elements is more fundamental than the representation of a variable quantity 
by a matrix whose elements are functions of some variable such as t or (f — sr/c). 
It would appear to be possible to build up an electromagnetic theory in which 
the potentials of the field at a specified point Xq, y 0i ig, t$ m space-time are 
represented by matrices of oonstant elements that are functions of Xq, y u , so, 4>- 

§ 3. Systems containing Several Similar Particles, 

In Heisenberg’s matrix mechanics it Is assumed that the elements of the 
matrices that represent the dynamical variables determine the frequencies and 
• 1 Hoy. 800 . Proo.; A, vol. Ill, p. 405 (1026). 
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intensities of the components of radiation emitted The theory thus enables 
one to calculate just those quantities that are of physical importance, and gives 
no information about quantities such as orbital frequencies that one can never 
hope to measure experimentally We should expect this very satisfactory 
characteristic to persist in all future developments of the theory 

Consider now * system that contains two or more similar particles, say, for 
definiteness, an atom with two electrons Denote by (mn) that state of the 
atom in which one electron is in an orbit labelled m, and the other in the orbit n 
The question arises whether the two states (mn) and (nm), which are physically 
indistinguishable as they differ only by the interchange of the two electrons, 
am to be counted as two different states or as only one state, i e , do they give 
rise to two rows and columns m the matrices or to only one ? If the first 
alternative is right, then the theory would enable one to calculate the intensities 
due to the two transitions (mn) -► (znV) and (mn) *■ (wV) separately, as the 
amplitude corresponding to either would be given by a definite element in the 
matrix representing the total polarisation. The two transitions are, however, 
physically indistinguishable, and only the sum of the intensities for the two 
together could be determined experimentally. Hence, in order to keep the 
essential characteristic of the theory that it shall enable one to calculate only 
observable quantities, one must adopt the Becond alternative that (mn) and (nm) 
count as only one state 

This alternative, though, also leads to difficulties. The symmetry between 
the two electrons requires that the amplitude associated with the transition 
(mn) ► (mV) of x v a co-ordinate of one of the electrons, shall equal the ampli¬ 
tude associated with the transition (mn) (n'm') of x 2j the corresponding 
co-ordinate of the other electron, i e , 

(mn , mV) = x 2 (mn , n'm'). (12) 

If wo now count (mn) and (nm) as both defining the same row and column ot 
the matrices, and similarly for (mV) and («W), equation (12) shows that each 
element of the matrix equals the corresponding element of the matrix so 
that we should have the matrix equation 

x t = x t . 

This relation is obviously impossible, as, amongst other things, it is inconsistent 
with the quantum conditions. We must infer that unsymmetrioal functions 
of the co-ordinates (and momenta) of the two electrons cannot be represented 
by matrices. Symmetrical functions, fiuoh as the total polarisation of the 
atom, can be considered to be represented by matrices without inconsistency, 

2 Y 2 
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and these matnoeB ore by themselves sufficient to determine all the physical 
propertifiB of the system. 

One consequence of these considerations is that the theory of uniforruibing 
variables introduced by the author can no longer apply This is because, 
corresponding to any transition (irm) -*■ (w V), there would be a term in 
the Founer expansions, and we should require there to be a unique state, (w*w') p 
say, such that the same term corresponds to the transition (mV) -► 
and e 21 ** 1 ' 7 * corresponds to (mu) If the m's and n’s ore quantum num¬ 

bers, and we take the case of one quantum number per electron for definiteness 
we should have to have 

m" — ni - m' — m, n" — n — ?i — n 
Since, however, the state (mV) may equally well be called the state (n'V), we 
may equally well take 

m" — n = ri — m, n" — m' — m' — n, 

which would give a different state (tn'n") There is thus no unique state (m'V') 
that the theory of uniforniiBing variables demands. 

If we neglect the interaction between the two electrons, then we can obtain 
the eigenfunctions for the whole atom simply by multiplying the eigenfunctions 
for one electron when it exists alone in the atom by the eigenfunctions for the 
other electron alone, and taking the same time variable for each. 41 Thus if 
(®i y» z j 0 is the eigenfunction for a single electron in the orbit n p then the 
eigenfunotion for the whole atom in the state (mn) is 

(* 1 . Vv *|. 0 (** y*. *«. 0 = +« (1) «l>. ( 2 ), 

say, where y lf z t and are the co-ordinates of the two electrons, and 

(r) means ^ (x„ y PP z ti 0 The eigenfunotion (2) (1), however, also 

corresponds to the same state of the atom if we count the (mn) and (nm) states 
as identical But two independent eigenfunctions must give rise to two rows 
and columns m the matrices If we are to have only one row and column 
in the matrices corresponding to both (rm) and (nm), we must find a set of 
eigenfunctions ty mn of the form 

= «..+.( 1 ) *.(») + *»+-( 2 ) +.(!)■ 

where the a mH ’s and /j^’b are constants, which set must contain only one ^ PIR 
corresponding to both (mn) and (nm), and must be sufficient to enable one to 

* The same tine variable t most be taken In each owing to the fact that we wnte the 
Hamiltonian equation for the whole system . H(1) + H(2) — W = 0, where H(l) andH(2) 
are the Hamiltonians for the two electrons separately, so that there is a common time t 
conjugate to minus the total eomgy W 
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obtain the matrix representing any symmetrical function A of the two electrons* 
This means the must be chosen such that A times any chosen can be 
expanded In terms of the chosen tp^’s m the form 

~ mm (13) 

where the A*.* iimil ’8 arc constants or functions of the time only 

There are two ways of choosing the set of 8 to satisfy the conditions We 
may either take a„ in — b mn , which makes each a symmetrical function of 
tho two electrons, ho that the left-hand sido of (13) is symmetrical and only 
symmetrical eigenfunctions will he required for its expansion, or we may take 
o nin — — b mHJ which makes antiaymmetncal, so that the left-hand sulo 
of (13) is anti symmetrical and only anti symmetrical eigen functions Will be 
required for its expansion Thus the symmetrical eigenfunctions alone or the 
antisymmetrical eigenfunctions alone give a complete solution of the problem 
The theory at present is incapable of deciding which solution is the correct one 
We are able to get complete solutions of the problem which make use of less 
than the total number of possible eigenfunctions at the expense of being able to 
represent only symmetrical functions of the two electrons by matnoes 
These results may evidently be extended to any number of electrons. For 
r non-interacting electrons with co-ordinates Sj, y 1( Zj , x ri y rp s r , the 
symmetrical eigenfunctions are 

2... -A, (“i) I™, (**) • • <k K). (14) 

where 04 , « a <z r arc any permutation of the integers 1 , 2 .. r, while the 
antisymmetncal ones may be written in tho determmantal form 

kU). <M2) kW 

«k(D. ^(2) <k(r) 

<M1>, ^(2) <kWl- (1« 

If there ia interaction between the electrons, there will still be symmetrical and 
anbisymmetrical eigenfunctions, although they can no longer be put in these 
simple forms In any caBe the symmetrical omb alone or the antisymmetncal 
ones alone give a complete solution of the problem 
An antisymmetncal eigenfunction vanishes identically when two of the 
electrons are in the same orbit This meanB that in the solution of the problem 
with antisymmetncal eigenfunctions there can be no stationary states with 
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two or more electrons in the same orbit, which is ]ust Pauli’s exclusion principle.* 
The solution with symmetrical eigenfunctions, on the other hand, allows any 
number of electrons to be in the same orbit, so that this solution cannot be the 
correct one for the problem of electrons in an atom f 


§ 4, Theory of the Ideal Gaa 

The results of the preceding section apply to nny system containing several 
similar particles, in particular to an assembly of gas molecules. There will 
be two solutions of the problem, in one of which the eigenfunctions are sym¬ 
metrical functions of the co-ordmates oi all the molecules, and in the other 
antisymmetneal. 

The wave equation for a single molecule of rent^masa m moving in free Bpace is 

{p 2 + 1 v + pr - W v + mV} 4 = 0 


IS? Sy 2 


_ i a* 

?‘Z Z c 2 3f 2 



0, 


and its solution is of the form 

“ exp. i (otj* + at,y + aa* — Ef)/A, 


( 10 ) 


where a. v a a , oc a and E are constants satisfying 

ccj 4 -j- a a 2 -f- atj® — -f- = 0. 

The eigenfunction (16) represents an atom having the momentum components 
*n *|i “a an d the energy E. 

We must now obtain some restriction on the possible eigenfunctions due to 
the presence of boundary walls It is usually assumed that the eigenfunction, 
or wave function associated with a molecule, vanishes at (die boundary, but we 
should expect to be able to deduce this, if it is true, from the general theory. 
We assume, as a natural generalisation of the methods of the preceding section, 
that there must be only just sufficient eigenfunctions for one to be able to 
represent by a matrix any function of the co-ordinates that has a physical 
meaning Suppose for definiteness that each molecule is confined between two 
boundaries at x = 0 and it —2 k Then only those functions of x that are defined 
only for 0 < x < 2te have a physical meaning and must be capable of being 
represented by matrices. (This will require fewer eigenfunctions than if every 

* Pauli, ‘ Zeita f. PhyB ,' vol 91, p. 765 (1925). 

t Prof Bom hu informed me that Heisenberg has independently obtained results 
equivalent to these. (Added In proof)—sen Heisenbergs ‘ Zelt. fur Phyt-, 1 vol. 33. p. 411 
( 1020 ). 
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function of x had to be capable of being represented by a matrix) These 
functions/(x) can always be expanded as Fourier senes of the form 

(17) 

where the a H 's are constants and the n’s integers If we choose from the eigen- 
functions (16) those for which a ijh is an integer, then f(x) times any chosen 
eigenfunction can be expanded as a series in the chosen eigenfunctions whose 
coefficients are functions of t only, and hence f(x) con he represented by a matrix. 
Thus these chosen eigenfunctions are Buffi cicut, and are easily seen to be only 
just sufficient, for the matrix representation of any function of x of the form 
(17) Instead of choosing those eigenfunctions with integral values for x 1 jh t 
we could equally well take those with aq/A equal to half an odd integer, or more 
generally with xfk — n -j- e, where n is an integer and e is any real number. 
The theory is incapable of rlooiding which are the correct ones. For statistical 
problems, though, they all lead to the same results 

When y and z are also bounded by 0 < y <C 27r, 0 < z < 2it, we find for the 
number of waves associated with molecules whose energies lie between E and 
E + dE the value 

^(E s -mV)»EiE. 

This value is in agreement with the ordinary assumption that the wave function 
vanishes at the boundary It reduces, when one neglects relativity mechanics, 
to the familiar expression 

p(2my E.'rfE,, (18) 

where = E — mo 2 is the kinetic energy. For an arbitrary volume of gas V 
the expression must be multiplied by V/( 27 t)\ 

To pass to the eigenfunctions for the assembly of molecules, between which 
there is assumed to be no interaction, we multiply the eigenfunctions for the 
separate molecules, and then take either the symmetrical eigenfunctions, of 
the form (14), or the antisymmetrical ones, of the form (15). Wc must now 
make the new assumption that all stationary states of the assembly (each repre¬ 
sented by one eigenfunction) have the same a prion probability. If now we 
adopt the solution of the problem that involves symmetrical eigenfunctions, we 
should find that all values for the number of molecules associated [with any 
wave have the same a priori probability, which gives just the Einstein-Bose 
statistical mechanics.* On the other hand, we should obtain a different 

* Bow, 1 Zeitn. f Fhytt / vol 20, p. 178 (1924), Einstein, ' Sitzungsb. d Proua Ao 
p. 201 (1924) and p. 3(1926) 
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statistical mechanics if we adopted the solution with antisyminetncal eigen- 
functions, as we should then have either 0 or 1 molecule associated with each 
wave The solution with symmetrical eigenfunctions must be the correct one 
when applied to light quanta, since it is known that the Einstein-Bose statistical 
mechanics leads to Planck’s law of black-body radiation. The solution with 
antisymmetries! eigenfunctions, though, is probably the correct one for gas 
molecules, since it is known to be the correct one for electrons in an atom, and 
one would expect molecules to resemble electrons more closely than light- 
quanta. 

We shall now work out, according to well-known principles, the equation of 
state of the gas on the assumption that the solution with antisymmetncal eigen¬ 
functions is the correct one, so that not more than one molecule can be associated 
with each wave Divide the waves into a number of sets such that the waves 
in each set are associated with molecules of about the same energy. Let Aj 
be the number of waves in the sth set, and let E, be the kinetic energy of a 
molecule associated with one of them. Then the probability of a distribution 
(or the number of antisymmetncal eigenfunctions corresponding to distribu¬ 
tions) in which N, molecules are associated with waves in the sth set is 


giving for the entropy 


W = IT. 


A,! 

! (A, — NJ 1 ' 


8 — k log W = AE, {A, (log A, — 1) — N, (log N, — 1) 

— (A* — N,) [log (A, — N,) — 1]} 


ThiB is to be a maximum, so that 

0 ~ as ~ HU- log N, + log (A, - N,)} SN, 

= AS, log (A./N, — 1), 8N„ 

for all variations 8N, that leave the total number of molecules N = SJf, and 
the total energy E = 2 a E,N fl unaltered, so that 

E ( 8N. = 0, E.E.SN, =. 0. 

We thus obtain 

log (A ( /N,-l 


where a and p are constants, which gives 


N, 


_- 

+ 1 


(19) 
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By making a variation in the total energy E and putting BE/BS -- T, the 
temperature, we readily find that p =* 1 /fcT, bo that (19) becomes 


X 

N ___ 

■ f - + K.;*T _|_ y 

This formula gives the distribution m energy of the molecules On the Einstein 
Bose theory the corresponding formula lfl 

N — —Aa _ 

" e . hF-lT “ l 


If the yth set of waves consists of those associated with molecules whose 
energies lie between E„ and E, dE,, we have from (18) [where E, now means 
the Kj of equation (iH)], 

A, = 2?:V (im)i E ff * rfE,/(2TtA) J 


where V is the volume of the gafl This gives 


nnd 


N - EN, - 

E = SEfN, -=*- 


2tiV (2 m)* p E,*dE, 

(27t h)* Jo e- +W4T 4 1 

2n\ (2m) 5 r E/dE„ 

(2ttA)* Jo c" 1 E '* r + 1 


By eliminating a from these two equations and using the formula PV = ^E, 
where P ib the pressure, which holds for any statistical mechanics, the equation 
of state may be obtained 

The saturation phenomenon of the Emate in-Boae theory does not occur ill 
the present theory. The specific heat can easily be shown to tend steadily to 
zero as T -► 0, instead of first increasing until the saturation point ih reached 
and then decreasing, as in the Emstein-Bose theory 


jj 5. Theory of Aibttrarg Perturbations. 

In this section we shall consider the problem of an atomic system subjected to 
a perturbation from outside (e.g , an incident electromagnetic held) which can 
vary with the tune in an arbitrary manner. Let the wave equation for the 
undisturbed system be 

(H-W)*=0, (20) 

where II is a function of the p s and g’s only Its general solution ib of the 
form 

♦ = (3D 

where the c h 'b are constants. We shall suppose the to be chosen bo that 
one is associated with each stationary state of the atom, and to be multiplied 
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by the proper constants to make the matrices that represent real quantities 
Hermit ic 

Now suppose a perturbation to be applied, beginning at the time t = 0 The 
wave equation for the disturbed system will be of the form 

(H — W + A) <)t = 0, (22) 

where A is a function of the p’s, q s and t , and is real. It will be shown that we 
can obtain a solution of this equation of the form 

+ - m 

where the a n ’fl are functions of t only, which may have the arbitrary values c„ 
at the time l = 0 We shall consider the general solution (21) of equation (20) 
to represent an assembly of the undisturbed atoms in which | c n j 2 is the number 
of atoms in the nth state, and Bhall assume that (29) represents in the same 
way an assembly of the disturbed atoms, j a„ (£) 1 being the number in the nth 
state at any time t Wo take | a n | B instead of any other function of a n because, 
os will be shown later, this makes the total number of atoms remain constant 
The condition that ^ defined by equation (23) shall satisfy equation (22) is 
0 = l s (H-W + A)a B ^ 

= S,o„ (H - W + A) ^ (24) 

since II and A commute with a n J while Wu n — ci B W — identically. 
Suppose Aty H to be expanded in the form 

A+» = 

where the coefficients A mp , are functions of t only, and satisfy A*,,/ — A^,, 
where the * denotes the conjugate imaginary. Equation (24) now becomes, 
since (H — W) =-= 0, 

Taking out the coefficient of i| ml we find 

(2B) 

which is a simple differential equation showing how the a w ’s vary with the time. 
Taking conjugate miaginaries, we find 

— iha„* =■ S„a,* A,.,* -- 

Hence, if N m = a m a m * m the number of atoms in the mth state, we have 
tAN m = ih (a K a M * + o B *o„) 

=a ^"n (^.A^.Or^ e n *A WM a M ) 


t The statement a commutes with & meant ob *= bo identically. 
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This gives 
as required. 

If the perturbation consists of incident electromagnetic radiation moving in 
the direction of the x-axis and plane polarised with its electric vector in the 
direction of the ly-axie, the perturbing term A in the Hamiltonian is, with 
neglect of relativity mechanics, */c where tj is the total polarisation in the 
direction of the ^-axis and 0, x, 0, 0 are the components of the potential of 
the incident radiation Wc can expand and in the form 


— 1 m y\ mn e ' 
7j+ n -- E«W l 


J. 

T»"’ 

(W.-W.)IA ,|, 

T'M 


where the and tj^'b arc constants and — i (W fM — W n )/A Our 

previous A mn is now tc[c r imil e' fW " — and equation (2rj) becomes 

tAcd„ ^ S.«.*T|„.p ,( "- "■"* (2fi) 


We can integrate this equation to the first order in k by replacing the u,/a 
on the right-hand side hy their values c n at the time t — 0 This gives 


"n = <•«. + 1/«A= • I * («) e <lW " w ‘ l ih. (27) 

• ll 

To obtain a second approximation, we write for the on the right-hand side 
of (20) their values given by (27) We thus find for the value of a tn at the 
time T, 

=- r m + \/ihc !.<-„•r)„„ f K (I) e*tw_-w.(i/ik (/l 

Jlj 

— 1 /A a C S j" * (0 e' |W - _ W- ’ 1 ' 1 til j 1C r '(W.-WmA fa (.>8) 

--= C,» + (J + 

Bay, where c m f and cj' denote the first- and second-order terms respectively 
This gives for the number of atoms in the state hi at the Lime T 


N_ = o in 


~ c in *1” C m C m * d - 


' + c m 




If we wish to obtain effects that are independent of the initial phases of the 
atoms, we must substitute c n exp. iy m for c m and average over all values of y m 


f We have neglected a term involving ■■ This approximation u legitimate, even though 
we taker evaluate the number of transitions that occur in a tune T bo the order a 1 , provided 
T la large compared with the penoda of the atom. 
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from 0 to 2 tc. This makes the first-order terms in N rt , namely, c m 'c M * and 
c m c,/*, vanish, while the second-order terms give 

l/AV.S^c/^C f f T *(0e- i(W - Wh,,/Jl dr 

Ju Jo 

—1/*V liC^iU^nl «(f)r ,(1 '-- Wi,l/ *4 I « (s) 

Jo Jo 

-i/*v. r.w *-<*-*■>*»* f 

JII Jo 


which reduces to 


l/* ! c ! . £,{! c„ 


1 2 ) h. 



(i) 


(29) 


This gives AN m , the increase in the number of atoms in the state rn from the 
time / — 0 to the tune t — T. The term in the summation that haB the suffix 
n may be regarded as due to transitions between the state m and the state n. 

If we resolve the radiation from the time l — 0 bo the tune l = T into its 
harmonic components, we find for the intensity of frequency v per unit frequency 
range the value 

f, = 2 nv 2 c -1 1 p «■ (/) e ZwU dt 

l J it 


Hence the term in expression (29) for AN m due to transitions between state «i 
and state n may be written 


l/2nfcVc (I c. | 2 — | c„ | “} I ■»)„, | * I„ 

where 

5 btv = (W„ - W.)/A, 

2n/A a c . (| oj a — I e m | *} 1 7i„ m | e I,. 


If one averages over all directions and states of polarisation of the incident 
radiation, this becomes 


aw/atfo. lie.1 2 — UJ ! ) i p.*. i * i„ 

where 

ip,j 2 = ik*i 2 + i^f-4-iur, 


£, r\ and Z being the three components of total polarisation Thus one can say 
that the radiation has caused 2ir/3A B c , | c K \ 1 \ P H#I | 2 1, transitions from state n 
to state m, and 2*/3A 2 c . | c m | 3 [ P BBI j E I„ transitions from state m to state n, 
the probability coefficient for either process being 

in agreement with the ordinary Einstein theory. 
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The present theory thus accounts for the absorption and stimulated emission 
of radiation, and ^hows that the elements of the matrices representing the 
total polarisation determine the transition probabilities One cannot take 
spontaneous emission into account without a more elaborate theory involving 
the positions of the various atoms and the interference of their individual 
emissions, as the effects will depend upon whether the atoms are distributed at 
random, or arranged in a crystal lattice, or all confined in a volume small uun- 
pared with'a wave-length The last alternative mentioned, which is of no 
practical interest, appears t-o be the simplest theoretically. 

It should be observed that we get the simple Einstein results only because 
We have averaged over all initial phases of the atoms The following argument 
shows, however, that the initial phases are of tprI physical importance, and 
that in consequence the Einstein coefficients are inadequate to describe the 
phenomena except m special i ohch If initially all the atoniH are in the normal 
state, then it ia easily ween that the expression (29) for AN„ holds without the 
averaging process, so that in this case the Einstein coefficients are adequate 
If we now consider the case when some of the atoms are initially in an excited 
state, we may suppose that they were brought into this state by radiation 
incident on the atoms before the time t — 0. The effect of the subsequent 
incident radiation must then depend on its phase relationships with the earlier 
incident radiation, since a correct way of treating the problem would be to 
resolve both incident radiations into a single Fourier integral If we do not 
wish the earlier radiation to appear explicitly m the calculation, we must 
suppose that it impresses certain phases on the atoms it excites, and that these 
phases are important for determining the effect of the subsequent radiation. 
It would thus not bo permissible to average over these phases, but one would 
have to work directly from equation (28). 
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The Structure of y-Brass. 

By A. J. Bradley, M.Sc , Ph D , and J Thewlis, B Sc , the Physical 
Laboratories, the University of Manchester, 

(Communiontori by Prof W L Bragg, FRS —Received August 31, 1926 ) 

(1) Introduction 

Westgren and Phragm£n* have recently described the results of investigations 
on the structures of Cu-Zn, Ag-Zn and Au-Zn alloys. As a result of X-ray 
analysis by the powder method, five different types of structure were found in 
the case of the Cu-Zn alloys. Structures were successfully assigned to four of 
these phases, but in the case of the y-phase a complete elucidation was not 
attempted The structure is cubic, and contains 52 atoms to the unit cube. 
The following table is taken from Westgren and Phragm£n’s paper —- 


Table T - lattice Dimensions and Number of Atoms per Elementary Cube in 

the y-Diases 


Alloy, | 

1 

PrrrfioURt 

Zn 

Av Atomic Wt 

Density 

d ioo m A 

Number of A to mu 
jH>r ElpiurnUry 

C'ubt 

(Ju-Zu 

fil 7 

64 67 

H 04 

8 850 

52 32 

Cu-Zu 

64 7 

64 72 

7-00 

0 804) 

62 05 

Cu-Zu 

67 7 

64 78 

7 92 

8 870 

52 02 

Ag-Zn 

50 3 

81 20 

8 641 

0 327 

32-37 

Au— Zn 

36 0 

na 07 

12 25 

0-268 

52 27 

Au-Zli 

41 1 

107 71 

11 70 

1 

9 223 

1 

31 00 


Further information was obtained from examination of single crystals of a 
y Cu-Zn alloy. Laue photograms and rotation photograms were both used 
for this purpose. By way of conjecture, Westgren and Phragmfen suggested the 
formats Cu^Zn 0 , AgjZng, and Ai^Zn^, as these correspond to compositions 
coinciding with one of the homogeneous y-ph&Be ranges. We have found that 
these formulas are incorrect, the true form ills being Cu t Zng, Ag^Zn*. and 
AugZn«. 

It is at first sight surprising to find such a large number of atoms in the unit, 

" “ X-Ray Analysis of Copper-Zanc, Silver-Zmo and Gold-Zinc Alloy*,” by Arne Westgren 
and Gdsta Phragmfa, 1 Phil. Mag / toI. 50, p. 911 (1925), 



679 


Structure of y-Braaa. 

but this is by no means an isolated instance The y'-phase uf the Cu-Al alloys,* 
and even two distinct modifications of the element manganese,|| present the 
same phenomenon. It is a remarkable fact that a-manganese,§ y Cu Zn, 
y Ag-Zn, y Au-Zn, and y' Cu-Al all have a unit cell of about the same dimen¬ 
sions, and containing about the same number of atoms Moreover, the 
intensities of the reflexions from many planes of these structures are found to 
be extraordinarily alike, whatever substance is examined In particular, the 
two strongest lines on a powder photograph invariably occur at the same pint 
of the film, so that for all these substances two mterplanar spacings are 
particularly pronounced. It is significant that these are the spacings of the 
(110) and (211) planeB of a body-centred cuhir lattice whose lattice constant is 
about a — 2 • 9BA 

There is clearly a fundamental relationship between the structures of the 
above substances and the simple body-centred Lubic structure The present 
paper gives the results of an attempt to determine the relationship in the case 
of the Ou-Zn alloys 

(2) Fustible Space-Groups for y -Brass. 

The only reflexions found for Cu-Zn and Au-Zn are those from planes ( hkl ), 
for which {h + k 1) is even. In the case of the Ag-Zn alloy there are lines 
whioh are exceptions to this rule, but these extra lines are all very weak, and 
are probably either [5-lines or are due to impurities There are no extra linen 
on the rotation photogram of y-brass, taken from a single crystal This may be 
taken as conclusive evidence that the structure is built up from the space- 
lattice r. According to Westgren and PhragmAn, there are 52 atoms per unit 
cell, so that the structure contains 26 inter-penetrating body-centred cubic 
lattues, each of dimensions 8 85 A 

From a Laue photograph Westgren and PhragmAn deduce that the symmetry 
of y-brass is either Tj, 0, or 0 h The only abnormal spacings arc (AW), where 
(A + h + l) is odd, which are halved Three space-groups satisfy these condi¬ 
tions, namely, Tj 3 , 0 s , and O fl °, These are therefore the only possible 
space-groups 

The above are the only conclusions for which there is direct experimental 
evidence 

■ Jette, PhragmAn and Weetgreo, 1 Journ. lust Met,/ vol, 31, p 193 (1924). 

t Westgren and PhragmAn, 1 Z f Pbysik/ vol 33, p 777 (1925) 

t A J, Bradley, 1 Phil. Mag.,’ vol 00, p 1018 (1025) 

J In order to avoid further ounfuaion the authors have decided to adopt the nomen¬ 
clature devised by Westgren and Phrmgm4n (or the modification* of manganese, 
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(3) Approximate Positions of the Atoms. 

To test directly every possible arrangement of atoms which would satisfy 
the above space-group conditions would be almost impossible We have 
selected the most probable types of structure, and tested such arrangements of 
atoms by comparing the intensities calculated for these arrangements with the 
intensities of the lines as observed by Westgren and Phragm6n. In order to 
determine which arrangements were feasible, use was made of the following 
criteria — 

(1) A clue to the approximate positions of the atoms is obtained by consider¬ 
ing the positions and intensities of the strongest lines 

(2) The distance of closest approach of the atoms iB not likely to be very 
different from that in other crystals of a similar type containing the same 
atoms 

With one exception , the strongest lines on the film of y-brass are identical in 
position and intensity vnth the lines on the fi-brass film 

The lattice of p-brass is body-centred cubic, the lattice constant d 10o is 2 945 A, 
tho unit cell contains two atoms The lattice constant of y-brass (61 7 per 
cent. Zn) tf 100 is 8-85 A, and each unit cell contains 52 atoms The side of the 
unit cube of y-brass is therefore exactly three times that of p-brass, and its 
volume is 27 times as great. It follows that if y-brass had 54 atoms to the 
unit cell, they might be arranged in exactly the same way as the atoms of 
p-brass, namely, on a body-centred lattice. 

In such a case, y-brass would only give rise to those lines which appear on 
the film of p-brass. The existence of extra lines on the film of y-braBs can be 
accounted for if w r e suppose two of the B4 atoms to be removed without greatly 
displacing the remaining 02 atoms 

These considerations show that a possible structure for y-brass consists of a 
body-centred cubic arrangement with 1 atom in 27 removed, the remaining 
atoms being slightly displaced, but necessarily in such a manner that the cubic 
symmetry is preserved. 

Fig. 1 shows a unit cell containing the whole 54 atoms in the correct positions 
for a body-centred cubic structure. With the exception of one atom at the 
centre, all the atoms lie on the surfaces of three concentric cubes which are shown 
in the figure The diagram illustrates the special oase where every atom is 
situated at exactly the same position as in a body-centred lattice, but since the 
unit cell contains bo many atoms, they need not all be structurally equivalent. 
Cubic symmetry will be preserved and the space-group requirements fulfilled 
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if the atoms are divided into four or five groups of equivalent positions. The 
most general case, which corresponds to the spaco-gmup T d 3 , is shown in the 



There are more than 54 atoms shown in the figure, as the atoms on the outer 
ffceea of the cube are Bhared with the neighbouring cubes. The eight atoms at 

2 s 
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the cube corners are each sliared between eight cubes. The atoms on the cgube 
edges arc each shared between four cubes. All the other atoms on the outer 
faces are shared between two cubes. 

The atoms may be displaced in different ways while still conforming to the 
space-group T d a , but atoms belonging to the same set must be displaced in the 
same manner Fig 1 will also represent the case of the space-group 0 A W , the 
additional condition being imposed that the " A J ’ and '* B ” atoms must be 
equivalent. Consideration shows that it is not necessary to discuss the case 
of O 5 , since any displacements from the arrangement of fig. 1 which are 
consistent with the symmetry elements of O 6 also satisfy the requirements 

of <V 

A possible structure of y-brass must have two atoms per unit cell less than 
the arrangement of fig. 1 It is clear that, the only two atoms which could be 
removed, if our general scheme of arrangement is correct, are the M X ” atoms, 
because there are more than two atoms of each other type iu the unit cube 



Flo. 2 —Structure of y-Bruw 


Fig. 2 represents a unit cell from which the ,r X ’’ atoms have been removed. 
The. remaining atoms are slightly displaced from the positions of fig. I, the 
displacement being shown by the short lines. The extents of the displace¬ 
ments actually shown in the figure are those assigned to y-bra&s by the present 
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analysis. The displacements have earned some of the D atoms, which were 
formerly on the boundary faces of the unit cell, entirely into neighbouring 
cells. These atoms have been inserted in fig, 2, in order to facilitate com¬ 
parison with fig 1 

(4) Choice of Space-Group* 

The arrangement of fig 2 would correspond to the space-group O ft n only if 
" A ” and “ B ,p atoms were made equivalent As actually drawn it corre¬ 
sponds to the space-group T d 3 , We need not consider space-group 0\ as this 
requires the atoms to be placed m exactly the same positions os O ft u , if the 
structure js to be at all similar to the body-centred rube. 

To decide between T^ and 0^ requires a determination of the parameters 
of the atoms, which can he made 1mm considerations of intensities and 
interatomic distances. 

The co-ordinates of the atonic are ns follow^ , 

" A ” Atoms. 

(a a a), (a — a — a), (— a a — a), (— a — a a), 

(1 + a 1 + a 1 + “)■ (H- 0 i - ° 1 — »)• (4 — 0 5 + a 1 — <*). 

(1 ~o 1 — o 1 + o) 

“ B " Atom» 

(_ 6 _ 6 _ 6), (- 6 6 6), (6-6 6), (6 6 - 6), 

(4 _ 6 * _ 6 j _ 6), (i _ 6 i + 6 | + 6) (} + 6 4 - 6 1 + 6), 

(| + 6 l + b 1 - 6) 

" C;' Atonu. 

(c 0 0), (- c U 0), (0 r 0). (0 - c 0), (0 0 c), (0 0 — c), 

<4 + * 44). (1 - « 11). (4 4 + e 1). (4 4 ~ ® 4M4 4 4 + *). (4 4 4 ~ «) 

“ D " Atom. 

(i d e), (d-d - e). (- d d - «), (- d - d «), 

(4 + ^4+ rf S + rf).tt + <t4-<Jl -«),(! ~d 1 + d |-f). 

(4 - d 1 - d 4 + <■). 

(d ed), (d —e — d), (— d e — d), (— d — e d), 

^ + d\ + ei + d).(\ + d\-r\-d).(i-dk+ei-d). 

(J - d i - r j + d), 

(b d d), (« — d — d). (— « d — d), (—e—di), 

(4 +«4 + rf 4 -M). (1 + «■ 4 - d i - <*). (4 -«4 -M 4 - <*). 

(4 - * 4 - d 4 + d). 

For space-groups (V and 0 A 4 a = b and (*0, 


2 z 2 
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At this stage so discrimination will be made between Cu and Zn atoms. 
The atomic numbers are so nearly equal that Cu and Zn may be considered 
to Bcatber X-rays by the same amount No appreciable error will be introduced 
into the calculations by this assumption. The structure-amplitude of any plane 
(AM) is given by the following equation ;— 

S = 8 cos 2it ha . cos 2m ka . cos 2 tt la + 8 cos 2m hb cos 2 tc kb . oos 2 tt lb . 

-f- 4 (cos 27i Ac -f- cos 2ix ke -f- cos 27t It) + 8 (cos 2?t hd . cos 2m kd . 

cos 27i h + cos 2 j: hd . cos 2m ke . cos 27: Id 
-f cos 2m he . cos 2m kd cos 2 tt Id) 

H- t {— 8 sin 2rc ha . sin 27i La . sin 2m la + 8 sm 2it hb sin 27r kb . 

Bin 2m lb — 8 (sin 2n hd sin 2rc kd sin 2 tt h -f sin 2it hd . 
sin 2 tt ke . sin 2m Id + sin 27t he . sin 27: kd . sin 2n Id)) * 

In the arrangement shown in fig. l ( a = J,b=J,c~J l d — J, c = 0 If 
the atoms of y-brass were situated in these positions, the " X ** atomB being 
absent, the interatomic distances would be 2 50 A. This is the same value as 
the distance of closest approach of the centres of copper atoms in the lattice of 
pure copper The zinc atom in metallic zinc has two interatomic distances, 
namely, 2 66 A and 2*91 A , whilst m p-brass the interatomic distance is 
again 2-55 A. One may anticipate that in y-hrass the interatomic distances 
will again be of the same order of magnitude 

Displacements of the atoms consistent with the symmetry requirements of 
(V and T d * may now be tried m order to explain the observed intensities of 
reflexion. The parameter values were tested by the use of the structure- 
amplitude formula, comparing the values of B so obtained with the observed 
intensities. In such a comparison allowance must be made for two other 
factors which affect the observed intensities. These are the frequency factor 
N, giving the total Humber of planes corresponding to the form {At/}, and a 
factor expressing the general falling off in intensity as the angle of reflexion 
increases. This is due to a number of superimposed effects, and to allow for 
each separately would bring in many unproved assumptions. The net effect 
may to some extent be compensated for by the insertion of a factor cosec 1 0 in 
the intensity formula. We then obtain the expression NS 0 /sin 2 0 for com¬ 
parison with the observed intensities. The use of this purely empirical formula 
is only justified by its value m affording a rough comparison between reflexions 
at not too widely differing angles of reflexion. Jn the present case of a cubic 
crystal it may be expressed as NS 8 /(A 1 + it* + P). 

• In order to out down the arithmetic, the above expression for >9 was divided by 
a factor 4 In all calculations. 
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AW 

Obw InlniMiU 

NS>/(A a f t*|P) 

Hnlohpdrnl 

He (Dihedral 

a' — A' 33" ■ 

r' - l20 n 
ff . 120' 
r‘ — 0 

a' = 37’ 
r' = 120% 

b' - 00” 

r' 10“ 

rf' -- 120° 

r = mi* 

no 

nhn 

0 0 

0 8 

1 4 

300 

abu. 

0 4 

0-8 

0 1 

211 

nl*t 

o 5 

1 3 

o a 

220 

alut 

2 4 

0 4 

0 » 

310 

abs 

1 3 

0 o 

0 7 

222 

wpbL 

3 1 

0 9 

2 0 

321 

wrak 

3 2 

6 1 

0 /I 

400 

ah* 

1 11 

2 0 

0 0 

330 \ 


r 102 3 

rw 2 

M 1 

411 / 

Sti 

c 

c 

l 2 4 

11 4 

36 l 

420 

abs 

0 3 

0 7 

0 4 

332 

moil 

| 0 .1 

4 0 

9 2 

422 

weak 

; 0 o 

5 fi 

6 1 

A21 

nim 

1 0 o 

2 ft 

0 0 

440 

■ 1m 

8‘2 

0 s 

0 1 

433 \ 


r i s 

0 8 

1 3 

MO / 

Bln 

\ A 2 

0 1) 

1 8 

680 

bIm 

0 4 

o a 

0-7 

622 

■bn 

1 0 

1 2 

0 0 

444 

mod. 

4 2 

2 3 

9 2 

040 


1 0 

14 

2 0 

042 

WfT WMl( 

0 7 

1 4 

83 

730 

aha 

11 0 

1 3 

1 0 

BOO 

aha 

l 3 

0 3 

1 2 

003 

very weak 

2 0 

0 1 

14 


* For convenience in calculation the parameter* are expreeaed here Id degrees, bo that 
a' U equal to 30Orr. 


Table III compares the calculated and observed intensity values for a 
number of planes selected from the powder photograph data. In the case of 
the holohedral structure the symmetry requirements, combined with the 
criterion thAt the interatomic distance must not depart too widely from 2 ‘55 A, 
limit the displacement of the " A ” and “ B 91 atoms to a small amount, and 
hardly permit the '* C ” and 11 D ’* atoms to be displaced at all. On the other 
hand, the lower symmetry requirements of Tf allow much larger displacements. 
In Column III are given values calculated for the holohedral structure with 
those parameter values which give the beat correspondence between the 
observed intensities and the calculated values. This is so unsatisfactory as to 
make it dear that considerable readjustments are required in the parameter 
values. So long as the structure remains holohedral, no appreciable change can 
be brought about without bringing some pairs of atoms much closer together 
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than 2 BB A. It may be concluded that no arrangement baaed upon space- 
group <V can satisfy all the requirements, and that it remains to consider 
arrangements based on T d a . 

The Tahies shown in Column IV of Table III were obtained by giving the 
a ' and e' parameters the greater displacement which is permitted by T d a . The 
much closer correspondence indicates a closer approximation to the correct 
structure. These parameter values are actually the maximum displacements 
allowed by considerations of interatomic distance. The other parameter 
values were unchanged A much better agreement was obtained by putting 
d f as 110°, as in the last Column of Table III 


Table IV 


kU 

Ob* 

Int. 

-f F) 

hU 

OlM 

III I 

NS»/(*■ +l 1 + J 1 ) 

c' = 120^ 

r'—125' 


r'« 120 s 

c'=>12fl c 

e'= 129" 

no 

ah* 

0 40 

0 22 

0 10 

002 

aba 

0 10 

0 03 

000 

200 

i ah* 

U 10 

0 03 

0-00 

202 

aba 

0 20 

0 07 

0 02 

220 

aba. 

0 30 

0 07 

0 02 

222 


1 30 

l 87 

2-37 

310 

■.bn 

0 24 

1 0 15 

0 OS 

312 


0 08 

0 02 

0 02 

400 

ab* 

0 02 

0 00 

0 01 

402 

v w 

0 OH 

0-10 

0 11 

420 

» 

0 15 

0 20 

' 0 22 

422 

ill 

2 01 

i m 

\H3 

nao 

ah* 

0 «0 

0 32 

o io 

512 


0 02 

0 05 

0 19 

040 

ID. 

0 M2 

0 M 

O'M 

022 

ab* 

u so 

0 24 

0 24 

730 


0- 54 

1 0* 33 

0 20 






MOO 

m 

6-70 

0 52 

0 3ft 

103 

aba 

0 12 

0 08 

0-04 

7 BO 

w 

0 04 

0 04 

0 08 

213 

w 

0 08 

0 02 

0 62 






4M \ 


/ 0 43 

0 24 

0-12 






508/ 

v w 

\0 30 

0 10 

o-io 

101 

aha 

0 40 

0 22 

0 10 

703 

w 

0 27 

Q-L7 

0-13 

301 

ab* 

0 12 

0 08 

004 

053 

lit 

0-22 

0 2! 

0-21 

321 

W- 

0 8H 

0 02 

0 62 

—-_ 




— 

621 

w 

0 02 

0 05 

0 19 






M91 

w. 

0 23 

0*22 

1 

0 22 







Further information with regard to parameter values was obtained by the 
use of the rotation crystal data. Table IV shows that the beat agreement is 
obtained by increasing the value of o'. 
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Table V.—Powder Photogram of y-Brass from WostgrcD and Phragmta'fi 

Observations. 


hki 


A* + k> +t* 


Square of 
■Lruciare- 
amplitude 

= S 1 


NS»/{A' + P r P). 


Observed 

Intensity 


110 


2 

0 1 

12 

0 3 


200 


4 

0 0 

0 

0-0 


211 


0 

0 1 

24 

0 0 


220 


8 

0 0 

12 

0 1 


310 


10 

0 1 

24 

0 2 


222 


12 

7 2 

8 

4 8 


321 


14 

1 l 

48 

3 7 


400 


10 

0 0 

0 

0 0 


330 


18 { 

7* 3 

12 

32-3 

l , 

411 

/ 

31 7 

24 

42 1 

r 

420 


20 

it 5 

24 

0 7 

\ 

332 


22 

H 4 

24 

n 2 


422 


U 

5 'i 

24 

r> j 


M0 


20 | 

3 J 

24 

! 0 

\ 

431 

} 

0 5 

48 

0 0 

/ 

m 


30 

0 7 

48 

1 2 


440 


32 

2 2 

12 

0-8 


433 


34 | 

0 5 

24 

0 4 

\ 

330 

f 

0 R 

24 

0 0 

/ 

600 


30 j 

24 0 

0 

4 1 

\ 

442 

J 

H 4 

24 

5 6 

/ 

fill 

y 

36 { 

a 4 

24 

2 l 

v 

532 

r 

1 5 

48 

1 » 


620 


40 

0 1 

24 

0 0 


541 


42 

0 1 

48 

0 1 


622 


44 

1 3 

24 

0 7 


031 


46 

8 0 

48 

H-3 


444 


46 

03 e 

8 

10 8 


710 

1 

r 

0 4 

24 

0 2 

1 

543 

y 

so < 

3 0 

48 

2-0 

y 

560 

j 

l 

27-7 

12 

B 7 

J 

040 


52 

2 3 

24 

1 1 


633 

-] 

r 

27 2 

24 

12 0 

1 

721 


w J 

23 0 

48 

20 4 

y 

M2 

j 

l 

0 0 

24 

3 1 

J 

042 


56 

3 4 

46 

3 0 


730 


56 

1 6 

24 

0 8 


732 

i 

02 { 

0 3 

40 

4 9 

\ 

001 \ 

) 

3 6 

48 

3 0 

/ 

BOO 


64 

O 0 

0 

0 5 


611 



0-7 

24 

0 2 


741 

y 

06 

22 ft 

40 

10 7 

y 

AM 

f 


2 3 

24 

0 8 

J 

620 



8 B 

24 

3 1 

\ 

644 

> 

08 \ 

0 1 

24 

IS 

/ 

653 


70 

19 

48 

1 3 


622 

} 

72 «{ 

10 2 

24 

3 4 j 

\ 

660 

31 1 

12 

5 3 

/ 

631 

4 

| 

‘ 2 0 

48 

I 9 

\ 

750 

P 

74 i 

0 7 

24 

0 2 

} 

743 


1 

2 1 

48 

1-4 

J 

002 


70 

* 15 7 

24 

5 0 


752 


78 

«1 

4« 

A 8 



aba 
ata 
aba. 
a hi 
aha 
weak 
weak 
aba 

iiLrung 

v weak” 

mod 

weak 

weak 

ahfl 
a lx. 

aba 

strong 

weak 

aha 

aha. 

aba. 

weak 

mod 

weak 


strong 

v weak 
aha 

weak 

aba 

strong 

weak 
v weak 

qtroilg 

weak 

weak 
v. weak 


• Thia line corresponds to tfw R* line ol (M2) 


688 


A. J Bradley and J, Thewlia. 


Table VI.—Photogmm of a y -Brans Crystal rotating about (001), from 
Westgren and Phragmfen's Observations. 


HU 

N 

NSV1* 1 4- *> 4- P) 

Ob* Int 

M 1 

N 

NS* '(*■ -| t* + P) 

Ob* Int, 

no 

4 

0 10 

aba, 

002 

4 

0 00 

a bn 

200 

4 

0 00 

slw* 

1 112 

4 

o 10 

aha 

220 

4 

0 02 

mIw 

ata 

4 

0 02 

ftbn. 

310 

H 

n on 

r)*i 

222 

4 

2 J7 

it 

400 

4 

0 01 

ulw 

312 

K 

0 02 

w 

330 

4 

17 2 

*t 

402 

4 

0 11 

vw* 

430 

8 

0 22 

n 

332 

4 

1 02 

■n 

01<> 

U 

1 01 

m 

422 

N 

1 83 

m. 

440 

4 

0 2N 

i « 

012 

8 

0 10 

w 

A30 

H 

0 10 

aha 

442 

4 

0ft3 

m 

COO 

4 

2 04 

8t 

332 

8 

0 91 

v w 

eso 

H 

0 01 

dLm 

002 

4 

0-01 

fttw 

■710 

8 

0 00 \ 

«t 

1122 

8 

0 24 

fthfl 


4 

2 22 / 

712 

8 

a 40 \ 

Bt 

«40 

6 

0 34 

mod 

M2 

4 

0-00 J 

730 

8 

0 20 

mini. 

042 

8 


w 

900 

4 

0 90 

mod 

732 

8 

0 82 

m 

630 

R 

1 07 

M 

802 

4 

n 04 

iu 

mi 

4 

1 87 


822 

R 

1 12 

it 

700 

a 

0 ON 

B 

002 

4 


it 





j 732 

£ 

0 01 

St 






101 

4 

0 10 

a In 





311 

H 

0 10 

n 1 m 

103 

4 

0 04 

Ik 

SQ1 

, 4 

0 04 

nl>* 

213 

8 

0-02 

w 

331 

8 

0 02 

« 

1 303 

4 

17 2 

at 

411 

K 

13 0 

it. 

323 

H 

3 04 

at 

501 

4 

0 .*» \ 

w. 

j 413 

8 

0 10 

ftbi 

431 

8 

0 lfi / 

433 

8 

0 12 \ 

v w 

fl21 

8 

0 10 

s 

! 003 

4 

0 10 / 

Oil 

6 

0-71 

m f 

! 023 

H 

0 31 

V w. 

041 

8 

0 01 

ri lift 

013 

8 

1 341 

Bt 

ftai 

8 

1 30 

m 

i 043 

8 

0-48 

w 

701 

4 

0 03 

n 1*9 

; 033 

8 

" 4 08 

It, 

721 

8 

3 43 

it. 

703 

4 

0-13 

w. 

6fil 

8 

0-flll 

« 

723 

8 

0-82 

m 

811 

8 

0 08 \ 

Bt, 


8 

0 21 

m 

741 

H 

2 70 / 

| 813 

8 

0 22 \ 

m 

Ml 

B 

0 32 

1 M 

743 

8 

0 23 / 


• (kunCHlfi with <332) K/i 


The beat value ia about c = 129°. No further change is indicated in the 
values of the other parameters. 

The parameter values, now expressed again aa fractions of the Bide of the 
unit cell, which give the best agreement between the observed and calculated 
intensity values, are a = 0-10 B , h = 0-16-, c = 0>35 8l d =* 0*30 fl , f = 0 k 04 t , 
Tables V and VI give complete lists of observed and calculated intensities 
from the powder photogram and the rotation pbotogram, With regard to the 
powder photogram, it may be noted that libes 36 and 72 are marked 11 strong Jl 
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by Westgren and Phragmen, while lines 46 and 50 are marked “ weak,” but 
on the reproductions of their photographs all four lines appear to have about the 
same intensity as line 48, which in marked " moderate ” With these exceptions, 
the agreement between observed and calculated values ib sufficiently good 
to afford strong confirmation of the correctness of the parameter values 
and entirely confirms the original supposition that y-braRH has very nearly a 
body-centred cubic structure 

(fi) Idnilijication of the Atonut 

The scattering powers of copper and zinc are so nearly equal that there was 
some difficulty in distinguishing the respective copper and zinc atoms, nnd an 
indirect method had to be employed for this purpose. 

The powder photogrnms of y-Cu-Zn, y j Ag Zn, and y Au-Zn are so similar 
that there can be no doubt that they have the same type of structure. Table V11 
gives a list of the lines which have slightly different intensities for the three 
senes of alloys, Lines 48, 50 and 72 need not be considered, as the remarks 
made above are applicable again here In all other cases the differences in 
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intensity are either due to Blight differences in parameter values or to the 
replacement of the copper atoms by the more efficient scatterers, silver and gold# 
The table shows what distribution of atoms would produce the observed intensity 
changes. Evidently " A ” and " D H atoms are zinc and " B “ and “ 0 ” 
atoms are either copper, silver or gold There is no indication of any change 
in the values of the parameters. 

(7) LhaciuiatoH of the Structure 

The complete arrangement of atoms in the structure found for y-brasa la 
shown in fig. 2 The open squares and circles represent copper atoms, the 
solid ones represent zinc atoms The arrangement corresponds to the space- 
group Tj s , the atoms being situated in the following positions — 

Zn Atotns. 

(0-10 0 10 0 10) (0-10 0-90 0 90) (0 90 0 10 0 90) (0 90 0-90U-10) 

(0-60 0-60 0*6(1) (0-60 0-40 0-40) (0-40 0-60 0-40) (0-40 0-40 0 60) 

(0 31 0 31 0 0D) (0 31 0 69 0 95) (0 69 0-31 0-95) (0-69 0-69 0-05) 

(0-81 0*61 0 55) (0-81 0-19 0 45) (0 19 0-81 0-45) (0-19 0-19 0-55) 

(0*31 0 05 0*31) (0 31 0-95 0 69) (0-69 0 95 0-31) (0-69 0-05 0-69) 

(0 81 0 55 0-81) (0 81 0-45 0-19) (0-19 0-45 0 81) (0-19 0-55 0 19) 

(0-05 0*31 0-31) (0 95 0-69 0-31) (0*95 0 31 0-89) (0*05 0 69 0-69) 

(0*550-81 0 81) (0*45 0-19 0-81) (0*450*81 0-19) (0 550-190-19) 

Cu Atoms. 

(0-83 0 83 0-83)40 83 0-17 0-17) (0-17 0-83 0*17) (0*17 0*17 0-83) 

(0-33 0-33 0*33) (0*33 0 67 0-67) (0-67 0-33 0-67) (0*67 0 67 0-33) 

(0*36 0 0) (0*64 0 0) (0 0*36 0) (0 0*64 0) (0 0 0 36) (0 0 0-64) 

(0*86 0 0) (0*14 0 0) (0 0-86 0) (0 0-14 0) (0 0 0-B8) (0 0 0-14) 

There are 32 zinc atoms and 20 copper atoms in the unit cell. The corre¬ 
sponding formula is Cu 5 Zn g . A confirmation of this formula is given by metallo- 
graphic data. Several properties of y-brass alloys exhibit a maximum at 
compositions corresponding to just over 60 cent, zinc For this reason 
metallographers ascribed the formula Cu,Zn s to the alloy, In view of the X-ray 
data this formula must now be considered untenable. However, CugZoj 
contains 62-5 per cent. Zn, and this accounts equally well for the observed 
maximum. 

Table VIII gives a list of the interatomic distances found in Cu s Zn«. This 
completely confirms the hypothesis put forward in section 3, that these distances 
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would prove to be very nearly the same aa the interatomic distance* in Cu F 
Zn and Cu£n, 


Table V1IL 
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The two distances marked with a * were assumed as guides for selecting 
parameter values for purposes of calculation. The agreement of the intensity 
values shows the validity of this choice. With regard to the remaining distances, 
no assumption whatever was made They are deduced directly from the para¬ 
meter values which were found to give the best agreement for the intensities. 
The accuracy is about 0-1 A. The mean value, not including the value 2■ 96 A, 
which probably does not represent any real point of contact between two 
atoms, is 2-6 A. This irf just a little greater than in CuZn, which would be 
expected from the fact that there are fewer atoms per unit volume in Cu ft Zn B 
The copper and zinc atoms are distributed symmetrically throughout the 
Unit so that each atom has the greatest possible number of neighbours of the 
opposite sort. These neighbours are distributed as follows ■— 

Copper Atoms. 

" C " atoms have 10 zinc and 3 copper atoms as neighbours. 

u B ,f atoms have 9 zinc and 3 copper atoms as neighbours. 

Zinc Atoms, 

" A ” atoms have 6 zinc and 6 copper atoms as neighbours. 

“ D ” atoms have 3 zinc and 6 copper atoms as neighbours. 



692 


Structure of y* Brass 


Summary 

(1) The structure of y-braas has been deduced from the data of Wcstgren and 
Phragmen, who had already shown that It was cubic, the lattice dimensions 
of the unit c^ell being about 8-9 A 

(2) ybrass has the forum la Cu 5 Zn Sl each unit cell containing 20 copper atoms 
and 32 zinc atoms. 

(3) The space-group is T d *. There are four sets of equivalent positions 
containing, respectively, 8, 8, 12 and 24 atoms. 

(4) The arrangement of atoms is almost body-centTed, but in each unit cell 
there are two atoms less than would be required for such a simple arrangement. 

(3) The different sets of atoms are displaced by definite amounts from the 
body-centTed positions These displacements have been measured. 

(6) The interatomic distances are about 2 -6 A, which is about the same value 
as in the elements Cu and Zn. 

(7) y-Ag-Zn and y-Au-Zn are similarly constituted, the form alee being 
Ag^Zng and Au s Zn 8p respectively 

The authors desire to express their thanks to Prof. W L Bragg, F.R.B, for 
his kind interest and valuable suggestions during the progress of the work^ 
and to Mr A P. M Fleming. C.B.E . M Sc. (Tech.), Director of Research of 
Metropolitan-Vickers Fjlectrical Co 7 Ltd., for permission to publish the results 
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